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ABSTRACT 


NASA's  long-range  plan  for  the  study  of  solar- 
terrestrial  relations  includes  a Solar  Probe  Mission  in 
which  a spacecraft  Is  put  into  an  eccentric  orbit  with 
perihelion  near  4 solar  radii  (0.  02  AU).  The  scientific 
experiments  which  might  be  done  with  such  a mission  are 
discussed  in  this  report.  Topics  included  are  the 
distribution  of  mass  within  the  Sun,  solar  angular 
momentum,  the  fine  structure  of  the  solar  surface  and 
corona,  the  acceleration  of  the  solar  wind  and  energetic 
particles,  and  the  evolution  of  interplanetary  dust.  The 
mission  could  also  contribute  to  high-accuracy  tests  of 

general  relativity  and  the  search  for  cosmic  gravitational 
radiation. 
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FOROfOItO 

M.  Neugabauar 

Jac  Propulalon  Uboratory 
Paaadana,  California  91103 

Thla  book  la»  to  flrat  ordar.  tha  Procaadlnga  of  tha  Solar  Proba 
Scianca  Workshop  hald  at  tha  CalifornU  Inatltuta  of  Tachnology  on 
May  22  and  23,  1978.  This  voluma  la  not,  howavar,  a tranacrlpt  of  tha 
Workshop.  Soma  presentad  papars  wara  not  writtan  up  or  vara  no*, 
accaptad  for  publication.  Soma  papars  in  this  book  wara  writtan  by 
paople  who  ware  tmable  to  attand  tha  maating.  Finally,  formal  and 
informal  discussions  at  tha  Workshop  Inspirad  some  people  co  write  down 
their  new  ideas  and  submit  them  for  inclusion  in  the  Proceedings.  This, 

I feel,  is  one  of  the  marks  of  a successful  symposium. 

The  topic  of  the  Workshop  was  the  scientific  uses  of  a Solar  Probe. 

A Solar  Probe  Mission  is  part  of  the  long-range  plan  of  MASA*s  Solar 
Terrestrial  Program  Office.  The  trajectory  of  the  planned  Solar  Probe 
is  a very  eccentric  ellipse  with  perihelion  near  4 solar  radii  (0.02  AU) 
and  aphelion  at  or  beyond  1 AO.  A plot  of  the  near-solar  part  of  the 
trajectory  is  shown  in  Figure  1.  During  the  solar  flyby,  the  spacecraft 
bus  and  most  of  the  scientific  Instruments  will  be  totally  shaded  by  a 
heat  shield;  the  perihelion  distance  of  4 solar  radii  was  selected  on  the 
basis  of  a preliminary  heat-shield  performance  calculation.  Possible 
trajectories  and  a tentative  spacecraft  design  are  discussed  in  more 
detail  in  Section  IX  in  papers  by  Randolph  (JPL’s  Solar  Probe  Study 
Leader),  Bender,  Yen,  and  Roxburgh. 

At  the  Workshop,  Harold  Glaser,  the  head  of  NASA's  Solar  Terrestrial 
Program  Office,  asked,  "What  can  the  Solar  Probe  do  that  no  other  mission 
can  do?"  The  answer  to  this  question  is,  hopefully,  made  clear  by  thla 
report.  1 would  summarise  the  very  broad,  multi-faceted  answer  as 
follows: 

(1)  Only  with  a Solar  Probe  is  it  possible  to  obtain  data  on  the 
distribution  of  mass  and  angular  momentum  in  the  solar  Interior.  Recent 
solar  neutrino  experiments  indicate  that  either  our  understanding  of  the 
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■olar  Intarlor  (and  thua  of  atallar  evolution)  or  our  underatandlng  of 
neutrino  phyftica  muat  be  incorrect.  A properly  inatrunented  Solar  Frobe 
could  neeaure  the  aolar  grevitetionel  quadrupole  noMnt  (Pepera  by 
Roxburgh;  Reeaenberg  and  Shapiro;  Anderaon  end  Uu;  Hordtvedt;  Everitt 
and  DeBra;  Forward.),  oacillationa  in  (Paper  by  Dougleae.).  end 
perhapa  even  the  aolar  angular  »o«entua  vector  (Paper  by  Hordtvedt.). 
High-accuracy  teate  of  general  relativity  would  be  an  unavoidable  output 

of  theae  experimenta. 

(2)  With  a email  teleacope,  a Solar  Frobe  could  obtain  higher- 
resolution  pictures  (of  a very  limited  portion  of  tho  solar  surface)  than 
can  be  obtained  with  the  largest  solar  telescopes  planned  for  Earth  orbit. 
Furthermore,  the  Solar  Probe  sweeps  around  the  Sun  so  rapidly  that  stereo- 
scopic views  of  many  features  can  be  obtained.  The  ultimate  limit  of  the 
sizes  of  solar  structures  is  unknown.  Known  problems  which  can  be 
attacked  with  the  resolution  and  stereoscopic  viewing  allowed  by  the 
Solar  Probe  include:  What  is  the  temperature  and  density  structure  of  a 

corona),  loop  and  what  is  the  role  of  loops  in  coronal  heating?  What  are 
the  scale  sizes  relevant  to  turbulent  viscosity?  What  is  the  horizontal 
structure  of  the  transition  region  between  the  chromosphere  and  corona? 

Do  weak  magnetic  fields  exist  or  are  all  fields  concentrated  into  high- 
fleld  filaments  of  1200  Gauss?  What  is  the  structure  and  dynamics  of 
strong  field  flux  tubes?  (Papers  by  Hudson;  Zirln;  Ulrich;  Davis  and 
Kricger;  Datlowe;  Title;  Baum  and  Bratenahl.) 

(3)  Only  a Solar  Probe  can  sample  solar  energetic  particles  before 
their  spectra  are  distorted  by  propagation  effects.  Such  measurements 
are  necessary  to  understand  the  acceleration,  possible  storage,  release, 
and  propagation  of  energetic  ions  and  electrons.  (Papers  by  Gloeckler; 
Lin;  Van  Hollebeke;  Roelof  et  al.;  Stevens  et  al.) 

(4)  A Solar  Probe  can  get  close  enough  to  the  Sun  to  detect  neutrons 
released  in  energetic,  nuclear  processes  occurring  at  or  near  the  solar 

surface.  (Papers  by  Simpson;  Ahluwalla.)  Although  solar  neutron  observa- 
tions could  also  be  made  from  a spacecraft  orbiting  the  planet  Mercury,  a 
Solar  Probe  is  needed  to  investigate  the  lowest  energy  neutrons. 
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(5)  Only  a Solar  Probo  which  well  Innlde  *'l  nular  radii  can 

determine  how  the  nolar  wind  Ib  accelerated.  Other  very  lirnortant 
quentlons  which  can  be  answered  by  sol.ir-wlnd  measurements  at  this 
distance  Include:  What  are  the  sturces  of  the  low-speed  solar  wind? 

Wliy  Is  the  helium  concentration  so  variable  and  Its  velocity  often 
greater  than  the  hydrogen  velocity?  What  is  the  rate  of  angular  irntmentum 
loss  by  the  Sun?  (Papers  by  Feldman}  Uurnett;  Barnes;  Belcher  et  nl.; 
Ogllvle;  Kohl.) 

(6)  Only  a Solar  Probe  can  experimentally  test  the  validity  of 
the  many  models  now  In  use  for  Interpretation  of  remotely  observed  solar 
phenomena  and  Interplanetary  phenomena  observed  near  1 AU.  (Papers  by 
Vese«.ky  et  al.;  Schulz  ct  al.j  Dryer  et  al.)  Aside  from  theoretical 
models,  our  knowledge  of  what  happens  between  0.3  AU  and  the  visible 
solar  atmosphere  Is  based  on  the  interpretation  and  modelling  of  radio 
data.  (Papers  by  Coles  et  al. ; Croft.) 

(7)  Only  a Solar  Probe  can  obtain  the  data  needed  to  understand  the 
dynamics  and  physical  changes  of  Interplanetary  dust  particles  near  the 
Sun.  These  data  have  implications  beyond  the  solar  system  In  understanding 
the  evolution  of  all  clrcumstellar  dust.  (Papers  by  Hanner;  Torr  et  al.; 
Weinberg  and  MacQceen.) 

(8)  Finally,  given  the  communications  and  tracking  systems  and, 
perhaps,  the  on-board  hydrogen  maser  needed  to  determine  the  solar  quadru- 
pole  moment  and  angular  momentum  vector,  the  Solar  Probe  will  be  by  far 
the  best  platform  in  space  during  the  1980’s  (and  probably  the  1980' s)  to 
use  in  the  search  for  low-frequency  gravity  waves  from  cosmological 
sources.  (Papers  by  Thome;  Estabrook;  Callahan;  Vessot  and  Levine; 
Douglass . ) 

No  consensus  was  reached  at  the  Workshop  on  the  optimum  orbital 
parameters  for  a Solar  Probe.  For  the  measurement  of  and  for  communi- 
cation with  the  spacecraft,  a hlgh-lnclination  orbit  Is  best.  (Papers  by 
Anderson  and  Lau;  Bender.)  However,  an  In-ecllptlc,  retrograde  orbit  has 
many  advantages  for  observations  of  fields  and  particles.  (Paper  by 
Stevens.)  Ideally,  the  Solar  Probe  Mission  would  Include  more  than  one 
spacecraft,  at  least  one  of  which  was  spin  stabilized. 
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SECTION  II. 


SOIAR  INTERIOR  AND  GENERAL  REUTIVITY 


-^LiNT£HTIOHAU.Y  BlAtJH, 


THE  IMPORTANCE  OF  DETERMINING  THE  SOLAR  QUADRUPOLE  MOMENT 

N78-32965 

• • 

Ian  W.  Roxburgh 

* ‘Quean  Mary  College 

University  of  London 
Mile  fod  Road 
London » E14NS*  England 

"...it  is  reasonable  to  hope  that  in  the  not  too  distant  future  we  shall 

be  competent  to  understand  so  sinqtle  a thing  as  a star*” 

A.  S.  Eddington,  Internal  Constitution 
of  the  Stars  1926 

This  concluding  remark  to  Eddington*  s treatise  on  stellar  structure  sets 
the  scene;  fifty-two  years  later  we  are  still  struggling  to  unde,:stand  such 
a sin?>le  star  as  the  Sun,  with  average  mass,  average  age,  average  in  most 
properties.  Yet  it  cannot  be  said  that  we  have  achieved  Eddington’s  goal; 
indeed,  just  the  contrary.  Because  we  are  able  to  observe  not  only  the 
Integrated  light  from  the  surface,  but  fine  structure,  and  with  the  rise  of 
neutrino  astronomy,  the  deep  interior  as  well,  current  theoretical  modelling 
of  the  Sun  is  in  difficulty.  We  need  additional  observations  to  place 
constraints  on  the  plethora  of  conjectures  that  have  been  advanced  to  explain 
the  low  neutrino  flux  and  to  guide  the  solar  model  builder  in  his  search  to 
understand  the  deep  interior  of  the  Sun.  A determination  of  the  magnitude 
of  the  solar  quadrupole  moment,  J2*  such  constraint;  it  places  limits 

on  the  density,  angular  velocity  and  magnetic  field  distributions  inside  the 
Sun.  , 

Solar  Models  The  first  model  of  the  Sun  was  developed  by  J.  Homer  Lane  in 
1869.  Following  Kelvin's  work  on  the  structure  of  the  Earth's  atmosphere.  Lane 
proposed  that  the  Sun  was  sufficiently  well  mixed  by  convection  currents  to  be 
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adiabatic,  P » K p . Combining  this  with  the  condition  of  hydrostatic 
support,  he  determined  the  internal  density  and  temperature  distribution  In 
the  Sun  (Figure  1).  While  we  no  longer  believe  that  the  Sun  Is  adiabatic.  If 
it  were  and  rotated  uniformly  with  its  surface  angular  velocity,  the  quadru> 
pole  moment  would  be  J2  • 2 x 10“®. 


a 


Figure  1 First  Solar  Model  by  J,  Homer  Lane  (1869). 
This  model  was  adiabatic  throughout. 


Flgur^  The  Eddington  Model  (1926) . In  this  model  all 
energy  was  carried  by  radiation. 


The  next  step  came  with  the  application  of  the  theory  of  radiative  trana> 
fer  to  the  eolar  interior  by  Arthur  Eddington  (1926).  Eddington's  standard 
model  was  completely  radiative  (Figure  2)  and  the  pressure  and  density  were 
related  by  P • K p . For  such  a model,  uniform  rotation  gives  s quadrupole 
moment  - 2 x 10"^.  We  now  realise  that  both  convection  and  radUtlon  con- 
tribute to  energy  transport  in  st*  md  that  there  is  a balance  between  energy 
production  by  nuclear  reactions  in  tho  center  and  the  ability  of  the  star  to 
transport  this  energy.  In  the  cool  surface  layers  of  the  Sun,  the  energy 
cannot  be  carried  by  radiation  without  such  a steep  temperature  gradient  that 
convection  seta  in  which,  in  the  present  solar  models,  occupies  the  outer  20% 
of  the  radius.  In  the  inner  regions  of  the  Sun,  the  energy  transport  Is  by 
radiation,  and  the  energy  is  produced  by  the  conversion  of  hydrogen  to  helium 
through  the  proton-proton  chain  (Figure  3). 


Figure  3 The  'Standard  solar  model'.  The  outer  20%  of 
the  radius  is  convective;  the  inner  regions  are 
helium  rich  due  to  the  conversion  of  hydrogen 
to  helium. 

It  is  perhaps  worth  emphasising  the  actual  procedure  used  to  build  a 
model  of  the  present  Sun.  While  we  have  detailed  knowledge  of  the  surface 
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furth.r  out.  Thl.  ha.  b.«  «o.la«4  by  a nunbar  of  «,t«l. 

1978).  ao«  Of  uhlch  h««  . rapidly  .pinning  c„tr.l  corn,  or  a largo  .«,tral 
“8n.tlc  flow.  «».  of  uhlch  1««  cMtral  mxlng  lncr«.ing  th.  c«tr.l  hydro- 
*«.  cont«t,  «ui  «».  of  uhlch  1»«.  low  h«uy  .l««,t  ahund««..  i.  .u  rp.,. 
«0.U  th.  uarutlon  of  d«.alty  ulth  radio.  1.  dlf,.r«t  fro.  th.  atandard 
anlar  »d.l  to  glv.  a dlff.r««  «p«,r„p,i.  and  In  ao»  th«a  1.  . 

dlatortlng  fore,  routlon.or  «gn.tlc  fiaid.  that  will  .1..  .ff«t  th.  guad- 
aupol.  no»nt.  cl„rly.  any  inforuacf..  „ „„ 

Will  provide  a useful  constraint  on  such  models. 


I' 

» I 


Ik 


..  s...  uBltoftyt  Ih.t.  i.  no  convincing  nncnnr  to  thin  nt  the 

pro.«.t  tine.  It  night  he  conlccturcd  thnt  th.  Sun  1.  thr«ld.d  hy  . nngnntlc 
field  uhleh  enturne  npptonlnntnly  uniform  rotntlon.  but  thin  In  unlikely  to  bn 
the  ennn.  The  nutfnen  field  chnngen  polnrlty  on  n nhort  (ll  ynnr)  time  ncnlo 
end  will  thntnforn  b.  nnvnrnd  fto.  nny  field  In  the  Ictntlot.  It  In  quite 
pcohnhln  thntefotn  thnt  hennnth  the  convective  tone  In  n eheet  leyer  uhete 
week  tutbulenc.  couplee  th.  «.t.tlot  to  th.  lnt..lot  region,  thu.  treneportlng 
..r.i.r  «»»ntu.  from  th.  Interior  to  the  «.rf.c.  -her.  It  U Let  In  th.  «.l.r 
ulnd.  At  th.  «ute  tine,  the  rt.«ir  leyer  gr.du.lly  nine,  eurf.ee  ..terUl  doun 
to  region,  uher.  llthlun  1.  burnt,  thu.  «tpUlnlng  th.  low  ».rf.c.  .bundK.ee 
of  lithium.  Thl.  would  fit  In  with  obeervetlon.  of  th.  decree..  In  rotntlon 
.peed  end  lithium  .bundK.ee  with  eg.  ••  obeervKl  In  eoler  type  eter.  In  th. 
ByKlee.  PleUde.  K.d  eoler  neighborhood.  A dimple  eetlMte  (Dlcke  1972. 
Roxburgh  1976)  would  euggeet  thet  the  bulk  of  the  Sun.r  <0.6  R^.le  rotetlng 
with  .bout  twice  the  «.rf«.e  .peed,  th.  <p»drupol.  momK.t  would  thK.  be  .bout 

7 X lO”^. 

If  the  interior  end  exterior  ere  not  mngnetlcelly  couplKl.  th.  poKilbll- 
Ity  Kdet.  thet  th.  quKlrupol.  «.!.  1.  "ot  colncldK.t  with  th.  rotntlon  K.1. 
of  th.  eurfec.  leyere.  ThU  poeelblllty  ehould  be  ellowed  for  In  orbit  K»ly- 

8l8  of  the  8olar  probe. 

n....  th.  interior  Iw-  < «.  know  very  little  .bout 

the  dynemo  gK.et.tlon  of  megnetlc  field.  In  eoler  condition.  Ktt.pt  thet  w. 
obeerv.  megnetlc  ectlvlty  In  the  K.l.r  .urf.ee  Uyere.  no  It  1.  r.e«,n.bl.  to 
eonlecture  thet  .Kgnettc  field,  ere  produced  In  the  other  turbul«.t  convective 
ronee.  end  eoler  model  celculetlon.  predict  thet  euch  .one.  exleted  In  th. 
young  Sun.  Row  etrong  would  such  field,  be?  khet  would  be  th.  ..k.  direc- 
tion of  the  field)  «e  Juet  don’t  know,  but  field,  of  th.  order  of  10  Oeue. 
could  produce  a measurable  quadrupole  moment. 
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What  If  the  Sun  had  no  interior  tnagnetlc  field?  In  this  case  the  angular 
momentum  lost  in  the  solar  wind  would  slow  down  the  convective  zone  and  the 
shear  layer  underneath  would  be  unstable  to  weak  turbulence  (Goldrelch  and 
Schubert  1967,  Fricke  1968).  If  this  turbulence  transports  angular  momentum, 
then  the  angular  velocity  must  Increase  Inwards  at  least  as  fast  as  the  marg- 
inally stable  state  and  this  gives  a quadrupole  moment  as  large  as  10 
What  then  is  the  Sun  really  like  inside?  It  should  be  clear  from  the  above 
discussion  that  the  honest  answer  is  "we  don't  know"  and  this  in  Itself  is  a 
justification  for  determining  the  quadrupole  moment.  However,  1 would  like 
to  conjecture  that  it  is  similar  to  Figure  4.  The  inner  regions  are  mixed  by 
weak  turbulence  driven  by  a combination  of  the  He  instability  and  magnetic 
oscillations;  this  gives  a higher  central  hydrogen  abundance  and  a small  con- 
vective core.  The  moment  of  inertia  is  therefore  larger  than  the  standard 
solar  model.  The  inner  bulk  of  the  Sun  is  magnetically  connected  and  rotates 
at  about  twice  the  surface  speed;  in  between  the  outer  convective  zone  and 
the  inner  region  is  a shear  zone  of  weak  turbulence.  Such  a model  has  a 
quadrupole  moment  of  about  7 x 10  The  values  of  Jj  for  different  models 
are  given  in  the  following  table: 

Table  1 

PREDICTED  VALUES  OF  THE  SOLAR  QUADRUPOLE  MOMENT 


Lane  (1869) 

Eddington  (1926) 

Standard 

Sun 

Mixed 

Core 

Non-Standard 

Model 

2 xlO"^ 

2 X lO”^ 

1 X 10“^ 

2 X 10“^ 

7 X 10”^ 

Conclusions 

—8  —7 

The  expected  quadrupole  moment  of  the  Sun  lies  between  10  and  5 x 10  , 
but  could  even  be  larger.  A determination  of  its  magnitude  and  orientation 
would  be  a valuable  constraint  on  solar  models  and  perhaps  help  us  along  that 
road  that  Eddington  thought  would  be  so  easy  to  travel  but  has  turned  out  to 
be  so  difficult. 
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Figure  4.  A conjectured  eoUr  model.  Slow  diffusion  mixes  the  Inner 

core  increasing  the  hydrogen  content,  lowering  the  temperature. 

and  producing  a small  convective  core.  The  Inner  region  Is 
magnetically  linked  and  rotates  about  twice  as  fast  as  the  surface 
convective  aone.  The  Inner  region  Is  separated  from  the  con- 
vective aone  by  a shear  layer  with  weak  turbulence  transporting 

angular  momentum  outwards. 
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Abstract 

We  have  examined  the  poaslble  use  of  radio  tracking  of  a 
solar  probe  to  estimate  accurately  the  coefficient,  of  the 
second  zonal  harmonic  of  the  sun's  gravitational  field. 

Our  preliminary  conclusion  Is  that  Jjq  can  be  estimated  with  a 
standard  error,  u(J20),  of  10~®  or  less,  provided  that  the  probe 
is  equipped  with  a suitable  "drag-free"  system  to  compensate  for 
the  effects  of  non-gravitatlonal  accelerations.  For  signal  paths 
that  pass  near  the  sxin,  dual-band  ranging  to  the  probe  can 
provide  the  tracking  accuracy  needed  to  Insure  that  o(J20)  < 

10  . It  might  even  be  possible  to  achieve  such  accuracy  with 

a single*~band  radio  uplink  and  a dual-band  downlink.  Doppler- 
shlft  measurements  may  not  be  sufficiently  reliable  in  view  of 
the  possibility  of  frequent  "loss  of  lock"  of  the  signal  when 
the  probe  is  near  the  sun.  Such  a condition,  brought  about 
mainly  by  turbulence  in  the  corona,  could  be  a serlotis  impediment 
to  the  useful  analysis  of  measurements  of  Doppler  shift,  but  would 
have  little  effect  on  the  analysis  of  measurements  of  range. 

A determination  of  J20  with  this  accuracy  could  provide  an 
important  test  of  theories  of  the  solar  interior  and  would  be  of 
very  substantial  indirect  benefit  for  some  solar-system  tests  of 
theories  of  gravitation. 
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I . Introduction 


A spacecraft  that  passes  close  by  the  sun  offers  a unique 
opportunity  to  probe  the  structure  of  the  solar  interior.  Our 
present  experimental  knowledge  of  the  interior  is  based,  almost 
exclusively,  on  measurements  of  its  radius,  mass,  luminosity, 
surface  composition,  rotation  rate,  and  neutrino  flux.  The  re- 
mainder of  our  knowledge  rests  purely  on  theory.  The  predictions 
of  the  neutrino  flux,  however,  are  in  very  serious  discord  with 
theoretical  models  based  on  the  other  observations:  The  observed 

flux  is  less  than  one  quarter  (90%  confidence  limit)  of  the  flux 
expected  on  the  basis  of  these  standard  models  of  the  sun's 
interior  (Bahcall  and  Davis,  1976). 

With  a solar  probe  that  passes  close  to  the  sun,  one 
has  the  opportunity  to  obtain  an  additional  experimental 
datum:  the  coefficient,  ^20'  second  zonal  harmonic 

of  the  sun's  gravitational  field.  This  coefficient  is  deter- 
mined largely  by  the  radial  distributions,  within  the  sun,  of  the 
density  and  of  the  rotation  rate.  What  light  could  a measurement 
*^20  solar  neutrino  problem?  The  answer  to 

this  crucial  question  is  not  yet  clear.  Astrophysicists  con- 
cerned with  the  theory  of  stellar  Interiors  have  not  had  to 
consider  experimental  constraints  on  Thus  they  have  not 

devoted  substantial  effort  to  a determination  of  its  utility  as  a discrimina- 
tor between  various  characteristics  of  theoretical  models,  for 
example,  the  fraction  of  heavy  elements  within  the  sun«  The 
possibility  of  soon  obtaining  a value  of  ^2©  uncer** 


tainty  of  ''^10  or  less,  will  encourage  theorists  to 
examine  this  question  carefully,  not  only  with  refir*ct  to  the 
solar  neutrino  problem  per  se,  but  with  respect  to  all  other 
possibly  relevant  aspects  of  models  of  the  solar  Interior, 

This  uncertainty  would  be  about  lot  of  the  value  expected 

theorotically  for  l^^sed  on  a solar  rotation  rate  indepen' 

dent  of  radius.  Our  simplified  calculf tions,  for  standard 

values  of  the  sun's  density  as  a function  of  radius,  yielded 

-8  -7 

values  for  J20  between  5x10  and  2x10  (see,  also,  Colombo  . 
et  al. , 1977;  and  Roxburgh,  1078). 

By  passing  close  to  the  sun,  a solar  probe  also  will  be 
subject  to  relatively  large  relativistic  effects.  However, 
if  the  probe  operates  through  only  a single  flyby  of  the  sun, 
the  direct  measurement  of  relativistic  effects  on  the  trajec- 
tory will  likely  not  be  of  sufficient  accuracy  to  add  signifi- 
cantly to  experimental  verification  of  these  predictions  of 
general  relativity.*  The  indirect  benefit  will  nonetheless 
be  large.  At  present,  the  main  limitation  in  the  interpreta- 
tion of  the  perihelion  advance  of  the  orbit  of  Mercury  in 
terms  of  a test  of  general  relativity  (or  more  generally  as 
a teat  of  non-Newtonian  gravitational  effacts)  concerns  the 
uncertainty  in  the  contribution  to  this  advance  of  the  second 
zonal  harmonic  of  Ihe  sun's  gravitational  field.  This  contribution  is  propor- 
tional  to  J20*  Thus  an  accurate  determination  of  J20  via  a solar 
probe  would  have  the  indirect  effect  of  improving  at  least  several- 

*Mote,  however,  that  a significant  redshlft  experiment  is  possible 
with  the  placement  of  a hydrogen-maser  frequency  standard  on  a 
solar  probe,  as  discussed  for  example  by  Vessot  (1975)  and  by 
others  in  these  Proceedings . 


fold  the  stringency  of  this  test  of  relativity  based  on  measurement 
of  the  penAii^llon  advance  of  Mercury's  orbit. 

On  the  other  hand,  should  It  be  possible  to  track  the 
solar  probe  through  several  close  approaches  to  the  sun,  the 
direct  contribution  to  tests  of  the  predicted  relativistic 
effects  on  particle  motion  could  be  substantial  provided  that 
the  "process-noise"  contribution  to  the  spacecraft's  motion 
could  be  kept  sufficiently  small  or  monitored  sufficiently  , 

What  conditions  must  be  set  on  a solar  probe  mission  in 

order  to  realize  the  opportunity  to  measure  to  within 
—8 

10  ? Precise  statements  can  not  yet  be  made 

reliably,  but  certain  general  constraints  can  be  noted. 

The  trajectory  of  the  probe  must  be  sufficiently  sensitive 
to  the  effects  of  J2©*  This  condition  can  he  met  if  the  probe 
passes  within  a few  solar  radii  of  the  center  of  the  sun.  But  the 
trajectory  must  not  be  perturbed  in  a manner  that  ^scures 
fhe  effects  of  seems  clear  from  crude  estimates  of  the 

orders  of  the  magnitudes  of  the  nongravitational  accelerations 
Involved  that  some  type  of  "drag-free"  system  will  have  to  be 
employed  as  described  in  more  detail  below.  Finally,  we  must 
be  able  to  track  the  probe  with  sufficient  accuracy  to  deter- 
mine the  effects  of  J20  at  the  desired  level.  This  tracking 
requirement  can  be  met  with  a radio  system  provided  that  dual- 
band capability  exists  at  least  on  the  downlink  (probe-to-earth 
path) . If  the  standard  frequencies  within  the  S and  X bands 
are  used,  ranging  capability  will  also  be  required  to  ensure 
that  the  solar  corona  does  not  prove  a serious  impediment  to  • 


tracking.  Although  Doppler  tracking  becomes  intermittent, 
because  the  receiver  loses  lock  near  the  sun,  ranging  is 
relatively  innune  to  the  effects  of  the  corona  and  has  been  accxiiplished  suc- 
cessfully at  S ban!  within  about  0?5  of  the  sun's  center  (aiapiro  et  al. , 1977)  • 
Zn  the  next  section,  we  discuss  in  more  detail,  but  still 
qualitatively,  these  effects  of  trajectory  and  tracking  uncer- 
tainties on  the  accuracy  of  the  estimation  of  J20*  Section  III 
contains  a quantitative,  but  simplified,  analysis  for  the  deter- 
mination of  the  standard  error  o ( ,)  in  the  estimate  of  Jj©  for 
a particular  case  of  probe  trajectory  and  tracking  schedule.  Zn 
the  last  section,  we  make  several  suggestions  for  further  study. 

II,  Trajectory  and  Tracking  Constraints 

The  accuracy  of  the  estimation  of  <72®  fJ^om  tracking  a solar 
probe  depends  critically  on  two  factors t the  characteristics 
of  the  non-gravitational  accelerations  that  affect  the  trajec- 
tory of  the  probe  and  the  effects  of  the  solar  corona  on  the 
tracking  signals.  Here  we  Include  several  remarks  on  each  factor. 

A solar  probe  will  experience  nongravitational  accelerations 
as  the  result  of  many  processes.  Solar  radiation  pressure  will 
provide  the  largest,  externally  driven,  nongravitational  accelera- 
tion. A large  fraction  of  this  acceleration  will  be  relatively 
easy  to  model  as  it  will  be  proportional  to  r/|rl  , where  ^ is 
the  sun-spacecraft  vector.  However,  that  fraction  is  not  large 
enough  for  our  purposes  because  of  the  enormous  increase  in  the 
radiation  pressure  near  the  sun.  As  examples  of  the  difficulties 
in  the  development  of  an  adequate  model,  wo  note  that:  (l)7he  tarn* 
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perature  and  time  dependence  of  the  reflection  characteristics 
of  the  heat  shield  on  the  probe  may  be  difficult  to  model  ade- 
quately; (2)  The  radiation  reaction  from  the  back  of  this  shield 
will  be  difficult  to  calculate  accurately;  and  (3)  The  effects  of  changes 
in  the  orientation  of  the  spacecraft,  within  its  limit  cycle, 
on  the  radiation-pressure  acceleration  may  also  be  difficult 
to  calculate  with  sufficient  accuracy. 

In  addition  to  the  radiation  pressure,  other  possibly 
important  nongravitational  accelerations  include;  (1)  the 
solar  wind,  which  is  expected  to  be  highly  variable  and 
nonradial,  especially  as  seen  by  the  moving  spacecraft; 

(2)  spacecraft  gas  leaks,  especially  from  the  attitude  control 
system;  and  (3)  effects  due  to  electric  or  magnetic  forces  on 
a possibly  charged  spacecraft. 

To  combat  the  very  serious  deleterious  effects  of  the 
nongravitational  accelerations,  the  spacecraft  should  include 
a drag-free  system  (Everitt  and  DeBra,  1978).  However,  the 
drag  sensor  and  thruster  servo  system  will  be  imperfect. 

Some  possible  mechanisms  are:  (1)  The  servo  loop  could  contain 

non  inearities  such  that  the  spacecraft  would  experience  a net 
acceleration  proportional  to  the  external  nongravitational 
acceleration;  (2)  The  servo  sensor  could  cause  random  accelera- 
tions of  the  proof  mass  which  in  turn  could  cause  oorrespor^ding 
spacecraft  accelerations  which  need  not  represent  a white  noise 
process;  (3)  Through  a coinbination  of  processes,  the  spacecraft 
could  experience  a candom  acceleration  proportional  to  the  net 


0X^Gi>nBl  nongrBvitBtioiiBX  ®cc©lGtBtion>  And  C4)  Environiii®ntBl 
influences I such  as  from  cosmic  rays«  could  affect  adversely 
the  sensoK^servo  aystero  (see  Everltt  and  DdBra*  1978)  • Ws  also  note  that 
the  drag- free  system  must  be  programmed  to  operate  over  a 
wide  dynamic  range#  unlike  the  sitxiation  of  the  DISCOS  in 
earth  orbit  (Staff,  1974) , since  the  magnitude  of  the  non- 
gravitational  accelerations  will  vary  over  several  orders 
of  magnitude  during  the  crucial,  near  perihelion,  parts  of 
the  mission  alone. 

How  will  the  imperfect  compensation  of  nongravitational 
forces  affect  the  estimation  of  ^26^  First  we  note  that  a drag- 
free  system  is  generally  described  in  terms  of  a bound  on  the  servo 
error,  i.e.,  on  its  acceleration  error,  sometimes  referred  to  as 
process  noise.  Ho%»ever,  this  description  is  not  sufficient  for 
our  purposes.  We  require  the  power  spectral  densi^  of  this  pro- 
cess noise.  A few  examples  will  make  this  need  clear:  (1)  Suppose 

that  the  process  noise  is  merely  a constant  acceleration  bias. 

Then,  if  this  fact  were  known,  we  could  estimate  that  bias  accu- 
rately, along  with  the  other  relevant  parameters  such  as  the  ini- 
tial conditions  of  the  orbit  of  the  solar  probe,  from  tracking 
data  obtained  when  the  probe  was  far  from  the  sun.  The  effects 
of  such  process  noise  on  the  accuracy  of  the  estimate  of  Jjg 
would  clearly  be  benigni  (2)  Suppose  that  the  spectral  density 
of  the  process  noise  is  uniform  up  to  a cutoff  frequency  high 
compared  to  the  highest  significant  frequency  component  attribu- 
table to  J20  in  the  data  obtained  from  tracking  the  probe. 

Suppose  further  that  the  total  power  of  this  process  noise  is 
comparable  to  that  of  *^20  ^n  its  effect  on  the 


trajectory  of  the  probe.  Then  the  net  effect  of  the  process 
noise  on  the  estimation  of  J20  will  be  small}  under  these  condi- 
tions* most  of  the  process  noise  is  not  in  the  vicinity  of  the 
significant  spectral  components  of  the  signature  of  J20  and  is 
therefore  relatively  harmless}  and  (3)  Suppose*  finally*  that 
the  power  of  the  process  noise  is  concentrated  around  the 
principal  frequencies  of  the  signature  of  J2  O * 
worst  case.  Thus*  if  the  total  power  of  this  process  noise  were 
con^arable  to  that  in  Exeui^l«j  (2)*  the  experiment  would  be  useless. 

tfhen  we  attempt  to  analyze  the  entire  experiment*  the 
situation  becomes  more  complicated*  iBach  parameter  to  be 
estimated  in  general  contributes  a distinct  signature  to  the 
data*  and  these  signat\u:es  can  be  Fourier  analyzed.  Should  the 
process  noise  dominate  the  signature  of  a parameter  in  one 
region  of  the  spectrum*  but  not  in  another*  then  the  estimator 
should  extract  information  predominantly  from  the  latter 
spectral  region.  This  manner  of  extraction  is  an  essential  charac 
teristic  of  a Kalman  filter  that  includes  a correct  represen- 
tation of  the  spectral  density  of  the  process  noise.  Thus  one 
requires  that  (1)  the  power  spectral  density  of  the  probe's 
stochastic  acceleration  be  "sufficiently  small"  in  the  regions 

of  interest*  and  (2)  this  spectral  density  be  known. 

« 

The  tracking  signal  is*  of  course*  affected  by  the  solar 
plasma  such  that  the  increase  (decrease)  in  group  (phase)  delay 
is  approximately  proportional  to  N/f  , where  N is  the  columnar 
electron  content  along  the  ray  path*  and  f is  the  signal  fre- 
quency. Unfortunately*  N can  not  be  predicted  with  sufficient 
accuracy.  To  reduce  the  plasma  effects  on  the  radio- tracking 


observations  to  a benign  level,  in  princij>le  either  £ can  be 
made  sufficiently  large  or  the  tracking  can  be  accomplished 
simultaneously^  at  two  suitable  frequencies.  Unfortunately, 
the  equipment  required  for  use  of  a sufficiently  high  frequency 
is  not  now  available  for  ^sacecraft  tradcing.  Ihe  second  appcosch 
appears  viable,  however,  even  with  the  use  of  the  ocnventional  8 
and  X band  frequencies.  With  this  dual-band  tracking,  the 
group  delay  and  the  changes  in  the  phase  delay  can  be  monitored 
at  two  frequencies  simultaneously.  Over  a short  period  of  time, 
the  changes  in  phase  delay  can  usually  be  measured  more  accurately 
than  those  of  the  gxonp  delay.  However,  when  the  tracking  signal 
passes  near  the  sun,  it  is  difficult  to  maintain  two-way  "lock" 
of  the  signal,  especially  for  S band.  Each  loss  of  lock  Invalidates 
the  associated  Doppler  measurement  and,  under  conditions  of  severe 
coronal  turbulence,  these  losses  may  become  so  frequent  as  to  render 
Doipler  data  nearly  useless.  On  the  other  hand,  the  group-delay,  or 
range,  measurements  are  relatively  immune  to  loss  of  lock.  Each 
range  measurement  stands  alone,  independent  of  neighboring  measure- 
ments. Moreover,  the  ability  to  make  accurate  range  measurements 
when  the  signal  passes  near  the  sun  has  already  been  adequately 
demonstrated  with  the  Viking  spacecraft  (Shapiro  et  .al«  • • 

Even  though  the  dual-band  capability  was  available  only  on  the 
downlink  from  the  Viking  orbiters,  it  was  still  possible  to  correct 
for  the  plasma  effects  in  the  S-band  measurements  of  range  to  the 
Viking  landers.  With  the  signals  passing  as  close  as  four  solar 
radii  from  the  center  of  the  sun,  the  corrections  for  plasma  were 
sufficiently  accurate  to  allow  the  equivalent  •‘vacuum"  range 
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between  the  earth  and  the  landers  to  be  determined  to  within 
'^0.2  ysec.  The  corrections  for  the  effects  of  the  solar  corona 
could  be  made  more  accurately  for  a solar  probe  than  was  possible 
for  Viking  for  two  reasons.  First,  the  paths  of  the  uplink  and 
downlink  signals  will  be  very  close  together  in  space  and  time 
near  the  sun  because  the  probe  will  be  much  closer  to  the  sun  than 
were  the  Viking  spacecraft.  Second,  the  downlink  signal  from  the 
probe  itself  will  be  dual  band  whereas,  for  Viking,  the  lander 
S-band  range  measurements  had  to  be  corrected  on  the  basis  of  the 
dual-band  measurements  of  range  to  the  orbiters.  We  are  assuming 
here  that  (i)  the  coronal  turbulence  will  be  no  more  severe  for 
the  tracking  of  the  solar  probe  than  it  was  for  the  tracking  of 
the  Viking  spasecraft;  and  (ii)  the  perhaps  severe  thermal  effects 
on  the  ranging  transponder  in  the  probe  can  be  calibrated  with 
uncertainties  well  under  0.1  ysec. 

In  summary,  a successful  measurement  of  J2Q  seems  to  depend 
critically  on  the  use  of  an  adequate  drag-free  system  whose 
required  process— noise  characteristics  have  yet  to  be  specified 
quantitatively.  The  Viking  experience  seems  to  indicate  that 
with  an  S-band  uplink  signal  and  with  the  dual-band  downlink 
signals,  vacuum-equivalent  ranges  to  the  solar  probe  could  be 
obtained  with  uncertainties  no  greater  than  'v^O.l  ysec,  even 
for  signals  that  pass  about  four  solar  radii  from  the  sun's 
center.  This  accuracy,  as  indicated  in  the  next  section,  should 
be  adequate  to  insure  that  Jjq  can  be  estimated  with  an  uncertainty 
of  '^»10“®  or  less,  provided  a suitable  trajectory  is  chosen  and  an 
adequate  drag-free  system  is  employed. 


Ill,  Accuracy  of  Estimation  of  J2q 

In  early  1976#  a preliminary  study  of  a possible  solar* 
probe  mission  was  conducted  at  M.I.T.  tO(fetermine  the  accuracy 
with  which  J20  might  be  determined  from  the  analysis  of  radio* 
tracking  observations  of  the  probe.  A single  spacecraft 
trajectory  and  a single  schedule  of  observations  were  con* 
sidered.  These  are  described  in  Tables  1 and  2#  respectively. 

The  spacecraft  was  assumed  to  be  drag  free#  i.e.#  to  follow  a 
purely  gravitational  trajectory#  and  the  observations  were 
assumed  to  be  disturbed  by  a corona  tiiat  was  time  invariant  — 
both  oversin^lifying  assxui^tions . 

The  spacecraft  was  assumed  to  pass  by  Jupiter  and  then  the 
sun.  at  a padhelion  distance  of  one  soL^  radius  ("sun  grazer") . The  od>it 
was  chosen  so  that  the  earth* spacecraft  line  was  inclined  by 
about  45"  to  the  orbital  plane  of  the  spacecraft  at  the  time 
of  perihelion  passage.  The  radio-tracking  observations  were 
assumed  to  be  distributed  from  just  past  the  time  of  the  space* 
craft’s  passage  by  Jupiter  until  ten  ddys  past  tiie  i^aoeczaft’s 
passage  through  perihelion.  These  observations  were  scheduled 
at  a rate  of  one  per  five  days  until  23  days  before  the  time  of 
perihelion  passage  and  at  a rate  of  five  per  day  thereafter# 
in  a simple  attempt  to  represent  the  more  dense  tracking. coverage 
that  would  undoubtedly  occtur  with  the  spacecraft  near  the  sun. 

Bach  observation  was  assumed  to  be  made  at  an  X*band  radio 
frequency  and  to  consist  of  a measurement  of  range#  with  a 1 psec 
standard  error#  and  a measurement  of  Doppler  shift#  with  a 1 iHRs 
standard  error.  The  latter  error  is  equivalent#  for  example#  to 


Table  1 

Character iatlca  of  Solar~Probe  Trajectory 


Orbital  Element 

Value  (1950.0  Eguator  and  Eauinox  Svatem) 

Semiuiajor  Axia 

2.6 

a.u. 

Eccentricity 

0.9982 

Inclination 

113.5 

deg 

Argument  of  Perihelion 

0.0 

deg 

longitude  of  Aacending 
H>9de 

0.0 

deg 

Time  of  Perihelion 
Paaaage 

4 February  1972 

Minimum  Oiatance  from 
Sun 

1.006 

aolar  radii 

Inclination  to  Ecliptic 

90 

deg 

Angle  Between  Earth** 
Pr<^e  line  and  Sun- 

'*45 

deg 

Prdbe  line  at  Probe 
Perihelion 


Table  2 

Schedule  of  Probe  Obaervationa 


Rate 

(obaervations/day ) 
0.2 


Total  Mmnher 

Range  Doppier  S^ift 

148  148 


Time  Interval 

763  to  23  daya  before 
encounter 


8 


265 


265 


23  daya  before  to  10 
daya  after  encounter 


that  from  a series  of  30  closely  spaced » Doppler** shift  measure** 
meats,  each  having  an  independent  error  with  a standard  deviation 
of  0.1  mm/aec  (Randolph,  1978).  The  standard  error  assumod  for 
the  range  measurements  is  quite  conservative,  even  when  the  ray 
paths  pass  near  the  sun,  in  the  light  of  the  Viking  results 
obtained  a year  after  this  error  analysis  was  completed  (see 
f.»ection  II) . On  the  other  hand,  the  standard  error  assumed  for 
the  Doppler->shift  measurements  may  well  be  too  optimistic  for 
observations  made  with  the  spacecraft  near  the  sun  because  of 
the  possibility  of  frequent  loss-of-lock  during  radio  tracking. 

Table  3 shows  the  18  parameters  that  were  estimated  in  the 
covariance  analysis  of  these  observations.  Of  these,  twelve 
parameters  represent  the  initial  conditions  for  the  orbits  of 
the  spacecraft  and  the  earth.  The  pair  of  parameters,  T and  S, 
represent  the  relativistic  effects  on  the  spacecraft's  trajec- 
tory and  the  radio  s^ignal,  respectively.  These  parameters  are 
equivalent  to  the  usual  pair,  3 and  except  that,  as  disclosed 
by  our  preliminary  analysis,  the  estimates  of  T and  S are  much 
less  highly  correlated  than  are  those  of  8 and  y.  The  plasma 
constant  is  the  coefficient  of  a simple  model  of  the  radial 
dependence  of  the  coronal  electron  density;  this  parameter  was 
included  to  represent  crudely  the  effect  of  imperfect  calibra- 
tion of  the  plasma  from  dual-band  measurements.  Similarly,  the 
parameter  for  range  measurement  bias  was  included  to  account 
for  errors  in  the  calibr<*tion  of  the  range  measurement  system. 
This  bias  was  here  assumed  to  remain  constant  throughout,  an 


Table  3 


Model  Parninetera 

Initial  Conditions  of  Probe  Orbit 

Initial  Conditions  of  Earth's  Orbit 

Light-time  Equivalent  of  the  Astronomical  Unit 

Coefficient  of  Model  of  Solar  Corona 

Effect  of  General  Relativity  on  Trajectory 

Effect  of  General  Relativity  on  Signal  Propagation 

Bias  in  Range  Measurements 


Total 


assumption  which*  in  practice*  would  be  invalid.  The  remaining 
two  parameters  are  the  light- time  equivalent  of  the  astron- 
omical unit  and  No  a priori  constraints  were  applied  to 

any  of  these  parameters  in  the  analysis. 

Sased  on  these  measurement  and  parameter  sets*  we  performed 
three  sets  cf  covariance'  analyses:  one  with  the  standard  errors 

for  the  measurements  as  described  above  ("nominal**)*  one  v:ith  the 
standard  error  for  the  Doppler  measurements  increased  to  1 Hz 
("range  dominated"),  and  one  with  the  standard  error  for  the  range 
measurements  increased  to  1 msec  ("Doppler  dominated").  Since 
no  a priori  constraints  were  applied*  the  results  of  these 
analyses  can  be  scaled;  i.e.* multiplication  of  the  measurement 
standard  errors  in  any  of  the  analyses  by  a given  factor  results 
in  a multiplication  of  the  standard  errors  in  the  parameter 
estimates  by  the  same  factor. 

Some  of  the  results  of  the  covariance  analyses  are  summarized 
in  Figures  1 and  2.  In  Figure  1*  we  display  the  evolution  with 
time  of  the  standard  error*  o(J20)*  in  the  estimate  of  J2@  for 
each  of  the  three  sets  of  measurement  standard  errors.  As 
expected*  a (^2©^  decreases  dramatically  as  the  spacecraft  nears 
the  sun.  (Note  that  the  discontinuity  in  the  slope  of  each 
curve  is  due  to  the  abrupt  increase  in  the  .rate  at  which  measure- 
ments are  made*  starting  23  days  before  the  spacecraft  reached 
perihelion.)  The  values  of  o ( J2@)  for  the  sclutions  with  range- 
dominated  measurements  are  the  largest.  However*  the  assumed 
standard  error  for  the  range  measurements  was  unrealistically 
high.  If  this  standard  error  is  lowered  to  a value  of,  say, 


V days  before  encounter 

Iv. 

4; 

|;  Figure  1.  Time  evolution  of  the  uncertainty  in  the  estimate 

4;  of  J2Q  for  various  measurement  standard  errors. 

"4 


0*1  ysec  (see  Section  II)#  we  find  that  o{J2q^ 
compdrable  to  that  found  from  the  analysis  of  the  Doppler** 
dominated  set  of  measurements  with  the  1 mHz  standard  error. 
However I as  stated  earlier » the  solution  based  on  the  Doppler 
dominated  measurements  may  be  unrealistic  since  no  account  was 
taken  of  possible  loss  of  lock  of  the  tracking  signal  due  to 
turbulence  in  the  corona. 

Figure  2 shows  the.  evolution  of  o nominal  stan- 

dard errors  as  data  are  added  after  the  passage  of  the  spacecraft 
through  perihelion.  The  horizontal  bars  show  the  value  of 
o(J2q)  obtained  from  the  inclusion  of  all  data  save  those  measure- 
ments scheduled  during  the  time  interval  covered  by  the  bar. 

Thus,  the  horizontal  extent  of  a bar  indicates  the  omitted  span 
of  data  and  the  vertical  position  of  the  bar  indicates  o ( J20) • 
This  figure  suggests  that  a useful  estimate  of  J20 
obtained  even  if  the  tracking  system  performance  i.s  substan- 
tially degraded  as  the  spacecraft  passes  by  the  sun.  Of  course, 
this  result  has  validity  only  if  it  is  possible  to  obtain 
accurate  measurements  after  perihelion  passage.  Thus  prudence 
would  require  that  every  effort  be  made  to  insure  a minimum 
loss  of  data  before  perihelion  passage. 

The  correlations  among  the  estimates  of  the  parameters 
exhibit  no  particular  surprises.  For  example,  the  estimates 
for  the  initial  conditions  of  the  earth's  orbit  are  only 
weakly  correlated  with  the  estimate  of  J2©  full  data 

set  since  the  earth  almost  stands  still  during  the  time  the 


spacecraft  is  near  the  sun.  Because  of  the  very  close  passage 
of  the  spacecraft  by  the  sun,  we  also  find  that  the  estimates 
of  T and  8,  and,  hence,  of  8 and  y,  are  only  weakly  correlated 
with  the  estimate  of  Jj©*  estimates  of  T and  S themselves 

show  that,  for  the  nominal  standard  errors  of  measurement,  no 
significant  advance  over  current  knowledge  of  8 and  y will  be 
forthcoming.  As  stated  in  Section  1,  the  main  advantage  for 
testing  theories  of  gravitation  through  the  tracking  of  a 
solar  probe  will  lie  in  its  Indirect  effect  — removal  to  a 
large  degree  of  the  uncertainty  in  the  value  of  J2@and,  in 
particular,  in  its  contribution  to  the  precession  of  the 
perihelion  of  Mercury’s  orbit. 

For  a probe  on  a trajectory  with  a larger  perihelion  than 
the  sun  grazer  we  considered,  the  value  of  0(^2®^  will,  oi 
course,  be  greater  if  all  othei:  circumstances  are  equivalent. 
The  scaling  law,  however,  is  not  simple?  it  depends  on  the 
schedule  of  observations  as  well  as  on  the  radial  and  lati- 
tudinal dependences  of  the  trajectory  perturbations  attri- 
butable to  ^20'  Without  having  carried  out  the  relevant, 
albeit  simple,  analyses,  we  cannot  conclude  reliably  that 
ranging  with  an  S-band  uplink  and  the  dual-band  downlink 

would  enable  a determination  of  J20  to  be  made  with  o(J20)  < 
10‘®.  However,  we  do  feel  confident  that  sufficient  accuracy 
could  be  achieved  if  the  uplink  were  also  dual  band.  The  pres 
ence  of  a very  stable  frequency  standard  on  the  probe  (Vessot, 


1978)  could  enable  the  tracking  to  be  accomplished  with  a some- 
what higher  accuracy.  In  any  event,  with  dual-band  tracking, 

the  main  limitation  on  the  accuracy  of  the  determination  of  J* 

20 

would  probably  reside  with  Imperfections  in  the  drag-free 
system  although,  clearly,  more  must  be  known  about  this  system 
before  any  reliable  conclusions  can  be  reached. 

In  summary,  the  sin^lified  error  analyses  described  above 
indicate  that  a solar-probe  mission  could  lead  to  a determina- 
tion of  Jj^with  an  uncertainty  of  «10'®.  However,  this  conclu- 
sion depends  critically  on  the  use  of  a suitable  drag- free 
system. 

IV . Suggestions  lor  Further  Study 

The  present  state  of  our  predictions  for  ctCj^q)  is  illu- 
Figure  3.  It  is  clear  than  an  in^rovement  is 
required  in  a number  of  areas,  especially  since  the  orbital  char- 
acteristics of  a solar  probe  are  so  dramatically  different  from 
those  of  previously  flown  spacecraft.  We  mention  several  such 
improvements:  (1)  Computer  programs  should  be  developed  to 

treat  adequately  in  error  analyses  the  process  noise  that  may 
accompany  a drag- free  system.  Further,  in  view  of  the  great  com- 
plexit/  of  all  of  these  error-analysis  programs,  it  is  essential 
that  they  be  developed  independently  by  at  least  two  groups  and 
coapmd  to  insure  that  identical  results  are  obtained  from  the 
analysis  of  the  sane  data;  (2)  The  performance  characteristics,  and 
their  uncertainties,  of  feasible  drag-free  systems  should  be  determined 
by  detailed  engineering  study;  (3)  The  characteristics  of  feasible 
tracking  systems  should  be  delineated;  and  (4)  Error  analyses  should 
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be  carried  out  baaed  on  these  characteristics,  in  particular, 
various  trajectories,  schedules  of  observations,  extreme  coronal 
conditions,  etc.  should  be  considered,  including,  for  example, 
the  possible  benefits  of  auxiliary  data,  such  as  differential 
very- long-baseline-interferometry  observations  of  the  spacecraft 
and  of  compact,  extragalactic,  radio  sources  that  are  nearby  in 
the  plane  of  the  sky.  Such  auxiliary  data  might  be  useful  to 
reduce  correlations  among  parameter  estimates  and  thereby  to 
improve  substantially  the  determination  of  one  objective 

Of  these  studies  would  be  to  determine  whether  a robust  experiment 
could  be  designed  that  could  produce  useful  results  for  even 
under  adverse  conditions. 
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ABSTRACT 

A covariance  analysis  has  been  performed  for  a solar  probe  trajectory 
which  encounters  the  sun  at  four  solar  radii.  The  unknown  parameters  In 
the  analysis  are  the  six  Initial  cartesian  coordinates  for  the  probe,  six 
Initial  cartesian  coordinates  for  the  earth,  the  astronomical  unit,  the 
solar  gravitational  quadrupole  coefficient  J2.  and  two  PPN  relativity  para- 
meters (S,Y,'.  Errors  in  the  unknown  parameters  have  been  computed  as  a 
function  of  standard  errors  on  the  radio  tracking  data  and  on  the  nongravl- 
tational  forces  Which  act  on  the  probe.  Results  have  been  obtained  for  se- 
veral tracking  geometries  and  for  several  orbital  Inclinations  to  the 
ecliptic. 

The  results  of  the  analysis  show  that  the  principal  scientific  result 
from  the  radio  tracking  of  a solar  probe  would  be  the  determination  of  the 
quadrupole  moment,  which  would  place  a constraint  on  models  of  the  solar 
Interior.  We  find  that  Solar  Probe  is  capable  of  yielding  a measurement 
of  Jj  to  an  accuracy  of  ±10"8,  and  so  at  this  level  of  accuracy,  a 
number  of  currently  plausible  Interior  models  would  no  longer  be  viable. 
However,  the  measurement  requires  that  nongravitational  forces  be  eliminated 
to  a level  of  10  ^^g.  and  that  a dual  frequency  tracking  capability  be  made 

available  for  purposes  of  determining  the  effect  of  free  electrons  on  the 
radio  propagation. 

A secondary  scientific  result  of  the  tracking  would  be  a determination 
of  the  general  relativistic  precession  of  the  orbital  perihelion  to  an  accu- 
racy of  ±0.1%.  It  Is  likely  that  a continued  analysis  of  data  on  planetary 
dynamics  will  yield  results  of  greater  Interest  to  experimental  relativity, 
but  Solar  Probe  can  yield  a single  measurement  of  the  perihelion  advance 
with  just  a few  hours  of  encounter  data. 


I.  INTRODUCTION 


We  vere  first  introduced  to  the  concept  of  a Solar  Probp 
by  G.  Colombo  (1975)  who  sugested  that  such  a spacecraft  could  be 
thertMilly  shielded  and  that  it  could  approach  the  sun  at  a close  enough 
distance  to  perform  significant  gravitational  experiments.  At  about  the 
same  time  L.  Friedman  initiated  a small  preliminary  engineering  feasibi- 
lity study  of  Solar  Probe,  at  JPL»  and  we  joined  with  Colondto  in  support 
of  that  study.  As  a result,  a paper  was  presented  at  an  experimental 
gravitation  symposium  In  Pavia  (Anderson  et  al.,  1977),  which  concluded 
that  1)  a solar  probe  mission  with  a perihelion  distance  of  four  solar 
radii  (4  was  feasible,  2)  the  primary  gravitational  experiment  on  such 
a mission  would  be  a determination  of  the  solar  gravitational  quadrupole 
moment,  and  3)  the  spacecraft  would  have  to  be  drag-free  to  a level'  of  10 
Preliminary  telecommunication  studies  indicated  that  a Doppler  tracking 
accuracy  of  0.1  mm/s  could  be  achieved  near  the  sun,  and  hence  it  would  be 
possible  to  measure  the  coefficient  J2  in  the  Legendre  expansion  of  the 
sun's  external  gravitational  potential  energy  V to  an  accuracy  of  two 

g 

parts  in  10  . 

In  all  studies  to  date,  it  has  been  assumed  that  V Is  static  and 
that  all  other  harmonics  besides  are  negligible,  so  that 

By  observing  the  motion  of  the  probe  near  the  sun  with  Doppler  tracking, 
it  is  possible  to  determine  the  size  of  by  means  of  its  orbital  effects 
through  the  time  variations  in  the  heliocentric  radius  r and  latitude  9 
the  probe.  Future  studies  should  consider  the  possibility  of  a time 
variation  in  J2  to  account  for  normal  modes  in  the  sun  (Roxburgh;  Douglass, 
this  volume),  but  for  now  all  our  studies  to  date  depend  on  the  static 
potential  (Eq.  1)  and  consider  the  determination  of  J2  along  with  two 
post  Newtonian  relativistic  parameters  (8,y)  in  the  following  post  Newtonian 
one-body  metric  (Robertson,  1962). 

ds^  - [l-2(m/r)  + 2B(m/r)*]  c^dt^ 

- [l  + 2y(m/r)  ] (dx^ + dy^ + dz^) 


(2) 


During  1978,  a more  detailed  engineering  study  of  Solar  Probe  was 
Initiated  at  JPL  under  the  technical  direction  of  J.  Randolph.  We  agreed 
to  participate  in  that  study  and  to  use  the  computer  software  developed 
for  the  Pavla  paper  to  gain  a better  understanding  of  the  gravitational 
experiments  at  solar  encounter.  Results  are  reported  here,  but  It  should 
be  understood  that  this  Is  a status  report  and  more  work  will  be  carried 
out  In  the  future  In  support  of  the  engineering  studies.  In  addition  to 
Including  a time  dependent  gravitational  potential  in  the  analysis,  more  work 
Is  needed  to  characterize  the  nongravltatlonal  forces  and  to  specify  In 
more  detail  the  requirements  on  the  drag-free  system.  Also  the  Implications 
of  adding  an  on-board  clock  as  proposed  by  Vessot  (this  volume)  to 
enhance  gravitational  experiments  needs  further  study.  Finally,  the 
possibility  of  performing  null  tests  of  general  relativity,  such  as  bounding 
the  magnitude  of  preferred  frame  effects  or  non-metrlc  terms  in  the  equations 
of  motion,  will  be  considered. 

The  conclusions  that  are  drawn  here  from  the  current  studies  do  not 
differ  substantially  from  those  In  the  Pavla  paper.  These  are: 

1.  The  coefficient  J2  can  be  determined  to  ilO  or  better  with  two- 
way  Doppler  tracking  and  an  S and  X band  dual  frequency  capability 
on  both  the  up  and  down  legs  of  the  transmission. 

2.  The  accuracy  of  the  proposed  measurement  of  J2  is  significant,  and 
hence  Solar  Probe  could  provide  an  Important  boxmdary  condition 

on  theoretical  models  of  the  solar  Interior  (Roxburgh,  this  volume). 

3.  A meaningful  design  goal  for  the  drag  compensation  system  Is  10~^^g, 
but  a significant  measurement  of  J2  would  still  be  possible  even  If 
that  goal  were  not  met  exactly. 

4.  The  general  relativistic  precession  of  the  perihelion  of  Solar  Probe 
could  be  measured  with  an  accuracy  of  0.1  percent  or  better  from 

a single  flyby  with  drag  compensation. 

5.  The  dual  frequency  (S/X)  telecommunication  system  on  the  up  leg 
and  down  leg  of  the  two-way  transmission  would  result  in  an  im- 
proved Doppler  tracking  system  over  that  on  the  Galileo  and  Solar 
Polar  missions,  with  an  associated  increased  sensitivity  for 


gravitational  wave  detection  far  from  the  uun  (Batabrook;  Douglaea, 
this  volume). 

II.  GRAVITATION/u.  EXPERIMENTS  AT  SOLAR  ENCOUNTER 

The  primary  objective  of  a gravitational  experiment  at  solar  encounter 

Is  to  determine  the  quadrupole  coefficient  Ja  to  an  accuracy*  on  the  order 

-8  ^ 
of  tlO  . At  this  level  of  accuracy*  several  currently  plausible  interior 

models  would  no  longer  be  viable  (Roxburgh*  this  volume).  Uniform  solar 

rotation  and  a polyt. topic  model  of  Index  3 Implies  a value  for  J2  of  2 x 10'*^* 

which  Is  probably  an  upper  bound  on  this  coefficient.  The  most  extreme 

centrally  condensed  models  yield  values  of  near  8.5  x 10  . Therefore 

a measurement  of  J2  to  an  accuracy  of  ±10  is  very  Important.  Other  pro** 

posals  to  measure  this  coefficient  (e.g.  Mercury  Orblter)  are  at  least  an 

order  of  magnitude  less  accurate  (Anderson  et  al.*1977)*  so  Solar  Probe 

provides  a unique  opportunity  for  a definitive  measurement  of  J2. 

Secondary  objectives  at  solar  encounter  Involve  the  determination  of 

various  post-Mewtonlan  gravitational  effects  on  the  orbit  and  the  tracking 

signal  (see  Nordtvedt*  this  volume).  At  least  the  precession  of  the 

perihelion  of  the  orbit  Is  detenblnable  with  the  two-way  tracking  and  drag- 

free  system  needed  for  the  determination  of  J2.  The  measurement  of  other 

effects  would  benefit  from  a more  sophisticated  telecraamunlcatlon  system* 

such  as  the  on-board  clock  proposed  by  Vessot  (this  volume) . 

III.  ASSUMPTIONS  FOR  ERROR  ANALYSIS 
Tracking  Assumptions 

A tracking  arc  of  two  months  centered  about  solar  encounter  Is  used  for 
the  error  analysis.  A Doppler  measurement  Is  simulated  every  10  minutes  and 
a range  measurement  every  20  minutes  over  this  Interval.  Two-way  tracking 
Is  assumed*  and  the  errors  In  each  Doppler  end  range  measurement  are  assumed  to 
Independent.  The  range  error  Is  set  at  15  m»  a figure  that  Is  achievable 
now  with  telecommunication  systems  of  the  Viking  and  Voyager  class.  The 
Doppler  error  Is  expresped  as  an  error  in  velocity  along  the  line  of  sight 


*A11  error  statements  in  this  paper  are  expressed  In  terms  of  one  standard 

devlatioa. 


(range  rate),  and  Is  set  equal  to  various  values  with  a range  of  estimated 
errors  for  two-way  tracking  configurations.  Estimates  of  error  are  summarized 
In  the  following  table,  which  was  provided  by  the  DSN  Radio  Science  Systems 
Engineer  (A.  L,  Berman)  as  Input  for  the  current  engineering  study  under 
J.  Randolph. 

DOPPLER  ACCURACY  ASSUMPTION 


Two-way  Configuration 


S band  up  and  down 
S band  up,  S/X  down 
X band  up  and  down 
X band  up,  S/X  down 
S/X  bands  up  and  down 


Error  (mm/s) 


Error  (Af/f  ■ 2 Av/c) 


25 

1.7 

X 

10-10 

5 

3 

X 

10-11 

2.5 

1.7 

X 

10-11 

0.5 

3 

X 

10-12 

0.1 

7 

X 

10-13 

Dual-frequency  S/X  phase  scintillation  measurements  of  the  solar  wind 
conducted  with  the  Viking  spacecraft  in  1976  indicate  that  the  S band  frac- 
tional frequency  stability  Af/f  (square-root  Allan  variance)  for  a closest 
approach  distance  of  4 R^  and  an  integration  time  of  1000  s is  'v-7  x 10 
(Annstrong  et  al,  1978).  To  apply  this  result  to  the  Solar  Probe  case,  we 

divide  by  /2  to  account  for  the  fact  that  the  spacecraft  is  at  the  closest 

2 

approach  point  rather  than  at  Mars,  and  multiply  by  (3/11)  to  extrapolate 

to  X band.  Thus,  even  without  any  charged-particle  calibration,  the  fractional 

-12  -11 
frequency  stability  at  X band  is  x 10  . Berman's  estimate  of  1.7  x 10 

—13 

is  conservative  and  his  error  estimate  of  0.1  mm/s  (7  x 10  ) is  certainly 

reasonable  for  a dual  frequency  (S/X)  calibration  on  both  legs  of  the  trans- 
mission. Mote,  that  for  this  two-way  frequency  configuration,  the  error  in 
the  Doppler  is  considerably  greater  than  the  limit  Imposed  by  hydrogen 
maser  timokoeping.  Therefore,  far  from  the  sun,  the  expected  error  in 
Doppler  should  be  two  orders  of  magnitude  more  precise  than  our  assumption 
for  solar  encounter,  where  plasma  calibration  errors  dominate.  This  fact 
makes  ths  detection  of  gravitational  radiation  a promising  experiment  tor 
solar  probe  because  that  experiment  will  be  conducted  at  or  near  opposition 
(Estabrook;  Douglass,  this  volume). 


Hon-gravlt6tlonal  Forces 

It  is  assumed  that  there  are  nor  gravitational  forces  acting  on  the  probe, 
primarily  from  solar  radiation  pressure,  and  that  they  are  removed  to  some 
degree  by  an  active  drag-compensation  system,  by  passive  accelerometers,  by  a 
sequential  adaptive  filtering  of  the  data,  or  by  some  combination  of  the  three. 
The  best  engineering  strategy  for  removing  nongravltatlonal  forces  which 
contaminate  the  gravitational  experiments  at  solar  encounter  has  not  been 
determined  at  this  time.  However,  for  purposes  of  an  error  analysis.  It  is 
not  necessary  that  all  engineering  and  spacecraft  control  systems  be  under- 
stood in  detail.  It  Is  sufficient  to  Incorporate  a stochastic  model  for  the 
nongravltatlonal  forces  In  the  error  analysis,  and  then  to  determine  the 
sensitivity  of  the  parameters  of  Interest  (e.g,  J2.  B»y)  to  the  magnitude 
of  the  error  In  the  st..cHastic  model.  To  this  end,  we  have  assumed  that  all 
systematic  error?  In  the  ncngravltatlonal  forces  have  been  reduced  to  an 
Insignificant  level  by  some  combination  of  the  three  techniques  listed  pre- 
viously. Then  what  remains  Is  white  acceleration  noise  with  standard  devi- 
ation o which  corrupts  the  determination  of  the  position  and  velocity  of 
a 

the  probe  at  each  data  time  t^  according  to  the  following  rule* 


0 

X 


a 

y 


0 

z 


2 °a  ^"1- 


(3) 


o 

a 


<'t 


(4) 


The  covariance  analysis,  and  hence  the  error  In  the  determination  of  each 
parameter,  then  becomes  a function  of  the  acceleration  noise  parameter  o^. 

In  effect  the  autocorrelation  time  of  the  acceleration  noise  Is  assumed 
equal  to  the  time  Interval  between  data  points,  which  Is  10  minutes  for  the 
analysis  of  this  paper.  Admittedly,  the  real  autocorrelation  time  la  likely 
to  be  considerably  longer,  perhaps  on  the  order  of  a few  hours  (Everltt  and 
DeBra  , this  volume).  However,  the  white  noise  model  Is  probably  a better 
representation  of  the  realistic  error  of  the  experiment  than  Is  a worst  case 
error  analysis  based  on  long  autocorrelation  times,  particularly  In  view 
of  the  likelihood  of  an  adaptive  sequential  filter  for  the  analysis  of  real 
data.  In  the  future,  as  the  spacecrsft  systems  become  better  defined,  and 


08  their  noise  characteristics  become  knowni  it  will  be  worthvihlle  to  perform 
a more  realistic  (and  much  more  costly)  error  analysis  with  colored  acceleration 
noise.  For  now,  tbe  white  noise  model  is  sufficient  for  preliminary  design 
purposes.  We  think  it  very  unlikely  that  the  autocorrelation  function  of  the 
drc»n  compensation  system  will  be  equal  to  the  autocorrelation  in  the  Doppler 
data  introduced  by  the  sought  after  J2  or  relativity  signals. 

IV.  ERROR  ANALYSIS 


A total  of  16  unknown  or  dependent  parameterr  have  been  included  in  the 
error  analysis.  These  are: 

1.  Six  heliocentric  cartesian  coordinates  (x  , y , z , x . y , z ) of 

P P P p’  'P*  P 

the  probe  at  epoch  (encounter  minus  one  month). 

2.  Six  heliocentric  cartesian  coordinates  (x_,  y_,  z_,  x_,  y_,  z_)  of 
the  earth  at  epoch 

3.  The  astroinmlcal  unit  (AU)  or  equivalently  GM  for  the  sun  (GM  « AU^). 

8 

4.  The  qradrupole  coefficient  J2. 

5.  Two  relativity  parameters  (0,y)» 

Partial  derivatives  of  the  range  and  range  rate  of  the  probe  with  respect  to 
these  16  parameters  have  been  obtained  by  first  numerically  Integrating  the 
second  order  ordinary  differential  equations  of  the  variations  of  the  probe 
and  earth  accelerations,  and  then  by  computing  the  range  and  range  rate 
derivatives  by  the  geometrical  definitions  of  those  quantities.  Range  p is 
defined  by: 


O’  - Vl 


SO  that 


^ > ,p 


\ 3q  3q/ 


where  q is  any  one  of  the  sixteen  parameters. 

The  range  rate  partial  ia  obtained  by  differencing  two  range  partials. 


6 


a technique  which  yields  a realistic  repraaentatlon  of  Integrated  Doppler. 


In  the  case  of  the  parameter  y.  « signal  propagation  effect  la  added  to 
the  range  partial  to  account  for  the  general  relativistic  time  delay  (Shapiro, 
1964).  This  additional  term  la: 


i£ 


In 


(8) 


Hence,  the  general  relativistic  time  delay  Is  also  Included  In  the  range  rate 
partial  because  of  the  differencing  by  Eq.  7. 

The  units  of  length  and  time  In  the  computer  program  (km,  sec)  are  used 
here  to  quote  results.  Act\:ially,  the  unit  of  length  In  radio  propagation  ex- 
periments Is  time  (c  = 1) , but  It  Is  convenient  to  express  results  in  familiar 
metric  units.  Errors  In  conversion  between  km  and  light-seconds  are  Inconse- 
quential to  the  two  or  three  significant  digits  of  concern. 


Baseline  case  for  error  analysis. 

For  purposes  of  carrying  out  parametric  sttiidles  of  the  sensitivity  of 
the  covariance  matrix  on  the  sixteen  parameters  to  variations  in  the  assump- 
tions on  tracking  conditions  and  spacecraft  systems  configurations.  It  is 
useful  to  define  a baseline  case  for  the  error  analysis,  and  then  to  vary 
Independent  variables  one  at  a time  from  their  baseline  values.  Tb*»  baseline 
case  Is  defined  In  the  following  table. 


BASELINE  CASE 


[ — — — 

Independent  Variable 

Value 

1.  Doppler  error  at  10  min  sample 

0.1  mm/ sec 

2.  Range  error  at  20  min  sample 

15  m 

3.  Length  of  tracking  arc 

E~1  no  to  E + 1 no 

4.  Standard  deviation  o of 
acceleration  noise  ^ 

I0"“g  . 10"’  m/sec^ 

5.  Perihelion  distance  at  solar 
encounter 

6.  Inclinatt.m  of  probe  orbit  to 
ecliptic 

o 

o 

7.  Angle  between  sun-probe  line 
and  sun— earth  line  at  encounter 

45° 

8.  Argument  of  probe  perihelion 
with  respect  to  ecliptic 

0° 

The  standard  deviation  for  each  of  the  16  dependent  variables  for  the 
baseline  case  are  given  in  the  following  table.  The  column  labeled  a-priori 
error  represents  the  assumed  error  on  each  parameter  before  the  introduction 
of  the  first  simulated  measurement.  The  a-posteriori  error  refers  to  the 

computed  standard  deviation  after  the  sequential  processing  of  all  simulated 
measurements , 


RESULTS  FOR  BASELINE  CASE 


Parameter 

A-Prlorl  Error 

A Posteriori  Error 

*E 

1.5  km 

0.4  km 

^E 

1.5  km 

0.7  km 

*E 

1.5  km 

1.5  km 

0.1  mm/s 

0.09  mm/s 

0.1  mm/s 

0.08  mm/s 

X 

0.1  mm/s 
10®  km 

0.09  mm/s 
0.4  km 

p 

6 

10®  km 
6 

1.1  km 

a 

10°  km 

3.2  km 

P 

• 

10®  km/s 

0.2  mm/s 

P 

• 

^P 

• 

a 

p 

10®  km/s 
10®  km/s 

0.1  mm/s 
0.8  mm/s 

AU 

1.0  km 

0.2  km 

0 

0.01 

0.0088 

y 

0.01 

0.0047 

X 10® 

10® 

0.5 

The  parameter  J2  can  be  determined  to  better  than  one  part  In  10  for  the 
baseline  case*  The  results  on  the  relativity  parameters  are  disappointing* 
until  one  considers  the  full  2x2  covariance  on  S and  y.  That  submatrix  of 
the  16  X 16  covariance  matrix  is: 


6 /7.I 
y \4.( 


4.052  \ 

2.200  / 


Which  yields  a correlation  between  S and  y of  0.976.  The  eigenvalues  of  the 
matrix  yield  independent  errors  of  0.01  and  0.0009  with  associated  eigen- 
vectors which  are  nearly  S + y/2  and  S - 2y.  Thus*  one  relativity  parameter 


can  be  determined  to  a elgnlf leant  accuracy,  and  this  parameter  le  a linear 
combination  of  $ and  y In  the  ratio  &-2y.  The  physical  Interpretation 

Is  that  the  relativistic  precession  of  the  perihelion  can  bo  determined 
from  the  data,  but  not  both  0 and  y»  The  post  Newtonian  precession  Wpj,  Is 
given  in  terms  of  the  Einstein  precession  by  (Robertson,  1962), 

ip^-i(2-M2r)S.oR 

and  the  error  on  the  precession  parameter  (2-P  + 2y)/3  as  determined  from  the 
covariance  matrix  on  B and  y Is  0.0007. 


Variation  of  assumptions  from  baseline  case. 

A limited  number  of  variations  In  the  baseline  assumptions  are  considered 
here.  First  of  all,  the  standard  deviation  on  the  acceleration  noise  Is  allowed 
to  vary  between  10“^g  and  10“'^g.  The  results  for  are  shown  in  Fig.  1 and 
the  results  for  the  relativistic  precession  parameter  (2-B  + 2y)/3  In  Fig.  2, 
Taken  at  face  value.  It  would  seem  that  an  acceleration  noise  of  10  g would 
yield  a meaningful  measure  of  J2»  though  the  degradation  In  the  relativity 
test  is  more  serious.  However,  It  Is  unlikely  that  the  error  curves  are 
calibrated  with  enough  precision  to  draw  firm  conclusions  from  them.  At  this 
point  it  is  prudent  to  use  10  ^^g  as  a design  goal  for  the  drag  compensation 
system,  particularly  If  post  Newtonian  terms  are  a scientific  goal  for  Solar 
Probe.  In  any  event,  an  acceleration  noise  at  10  g Is  insufficient  for  the 
gravitational  experiments  at  encounter.  On  the  other  hand,  improvements  be- 
yond 10"‘\  are  difficult  to  Justify  unless  the  Doppler  error  can  be  reduced 

below  0.1  urn/ sec  at  the  same  time. 

The  dependence  of  the  error  In  various  assumptions  on  Doppler 

accuracy  la  shown  In  Fig.  3.  The  dotted  portion  of  the  curve  Indicates 
extrapolation  Into  a region  where  computer  simulations  were  not  actually  made. 
However,  It  Is  the  region  of  the  curve  between  1 mm/s  and  O.l  mm/s  that  Is 
most  Important.  The  error  In  rises  sharply  with  decreased  tracking 
accuracy.  A telecommunication  system  capable  of  delivering  a Doppler  accu- 
racy of  0.1  ram/s  at  solar  encounter  Is  essential. 

Finally,  the  inclination  of  the  orbit  Is  varied  from  90®  to  45°.  There 
is  little  effect  on  the  determination  of  J2  until  inclinations  of  60  or  so 
are  reached  os  shown  in  Fig.  4.  Again  the  dotted  curve  represents  an  extra- 


polatlon.  The  conclualon  here  la  that  the  experiment  la  not  very  aenaltlve 
to  the  orbital  Inclination,  but  aa  expected,  high  Inclination  orblta  are  better 
becauae  there  la  a variation  In  the  latitude  irlth  time,  and  more  of  the  poten* 
tlal  function  (Eq.  1)  la  aampled  during  the  encounter  tracking* 
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rossmE  MWSnROlENTS  OF  Jj  AND  THE  SUN'S  ANOOIAR  MCMENTUM  WITH 


fj78  “32968 


THE  SOLAR  PROBE 
K,  Nordtvedt* 


Thla  papar  praaanta  raaulta  ol  a eevarlance  analyala  dona  at  Montana  Stato 

Unlvatalt,  on  t!»  datoot.blllty  of  the  solar  quadrnpoU  monant  and  tha  aolar 

«.gnl.r  monantnm  using  Dopplar  tracking  of  a Solar  Proba.  It  la  as««.ad  that 

tha  djn.anlc.1  affacta  of  tha  sun  on  tha  proba.  as  wall  as  tha  gravitational 

radahtft  of  a proba-baaad  clock,  nay  ba  totally  daacrlbad  by  tha  following  natrlc 
tensor: 


it  SC  w ^ t,  ^1  _|  ® -tl 

^ok  3 ten  r J 
r 

V - «nn  « + 2y  f). 

whara  . la  tha  aun'a  gravitational  naaS.  r"  la  tha  haliocantrlc  position  vector  yith 
nagnltuda  r.  a 1.  tha  aolar  radius.  la  tha  aolar  quadrupola  nonant.  and  j''  1.  tha 
aour  «,g„lar  nenantun  vector.  Tha  paranatara  S.  y.  and  W ,ra  conaldarad 

unkno™..  along  with  tha  orbital  elananta  of  tha  proba.  All  of  thaaa  paranatars  ara 
to  be  determined  by  a least  squares  fit  to  the  probe  tracking  data. 

For  purposes  of  this  study,  a polar  orbit  was  assumed  with  perihelion  at  5 
solar  radii  and  with  an  earth-sun-probe  angle  of  135*  at  perihelion.  Tracking 
was  assumed  to  be  Doppler  only,  with  a basic  uncertainty  of  .1  mm/sec  in  the  radial 
velocity.  A drag-free  system  which  could  reduce  non-gravitatlonal  forces  below  the 
level  of  2 X 10  g was  found  to  be  necessary  to  preserve  this  same  level  of 
accuracy.  Both  one-way  and  two-way  Doppler  were  supposed  in  order  to  determine  the 
gravitational  redshlft  as  well  as  the  pure  spacecraft  dynamics.  A worst  case 
estimate  was  performed,  in  which  it  was  assumed  that  systematic  error  at  the  .1  mm/sec 


lev«l  would  bUo  tho  data  in  auch  a way  aa  to  noat  Inhibit  tha  datarmlnation  of 


•ach  paraaatar  aeparataly.  It  can  be  ahown  that  thla  aaaunptlon  la  aipilvalent  to 


®ha  final  prediction  of  accuracy  In  the  paraneter  eatlnate  by^/lT,  where 
N la  the  nunbe?  of  obaervatlona'  made* 

Tracking  tinea  of  42  houra,  97  houra*  and  136  hour a were  inveatlgated  leading 
to  the  following  reaulta: 

A.  Two-way  data. 


^ **  metric  unknowna,  accuraclea  of  a part  In 

10  for  Jj  and  a fraction  of  the  expected  value  for  J were  predicted. 

2*  When  y waa  added  aa  a third  unkown*  the  accuraclea  on  Jj  «nd  T'werc 
degraded  aomewhat  while  y waa  determinable  to  a part  In  10^, 

B.  One-way  data. 


1.  Predlctlona  for  the  accuracy  In  the  gravitational  redahlft  were 
conalatently  about  a part  In  10^  aa  oppoaed  to  parta  In  10^  for 

laboratory  experlnenta  and  10^  for  earth  orbiting  rocket  experlnenta. 

* 

2.  A prediction  of  marginal  detectability  of  the  aecond  order  redahlft 
waa  alao  made* 


In  all  theae  cases,  assumptions  of  no  data  within  various  angular  distances  of 
the  sun  were  made.  The  results  did  not  vary  appreciably. 

The  conclusions  are  that  significant  detemlnations  of  the  solar  quadrupole 
moment  and  of  the  gravitational  redahlft  are  possible  with  the  Solar  Probe,  and 
that  any  measurement  at  the  levels  predicted  must  also  allow  for  a measurement 
•I*  Tn  fact,  the  effect  of  J would  have  to  be  modeled  in  order  to  produce  the 
high  accuracy  measurements  of  and  redahlft. 


R.  Helllngs  prepared  this  version  of  K.  Nordtvedt’s  presentation  from  a tape  of  same. 


k7«  -3  29fi^^ 


COMMENTS  ON  THE  DRAG-FREE  CONTROL  OF  A SOLAR 
PROBE  RELATIVITY  MISSION 

C.  W.  F.  Ever it t and  D,  B.  DeBra 
W.  W.  Hansen  Laboratories  of  Physics  and 
Department  of  Aeronautics  and  Astronautics 
Stanford  University,  Stanford,  California 

A spacecraft  going  within  4 solar  radii  of  the  Sun  experiences 
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an  acceleration  up  to  5 x 10  g from  solar  radiation  pressure,  and 
significant  (though  smaller)  accelerations  from  the  tolar  wind.  To 
obtain  satisfactory  information  about  relativistic  effects  and  the 
Sun's  quadrupole  mass  coefficient  J2»  these  non-gravitational  accel- 
erations have  to  be  either  measured  or  compensated  out,  and  much 
the  best  procedure  for  doing  so  is  to  make  the  spacecraft  "drag 
free".  A proof  mass  inside  the  spacecraft  structure  is  shielded 
from  the  external  forces,  so  that  it  follows  a nearly  ideal  gravi- 
tational orbit,  and  a control  system  activates  gas  jets  (or  other 
translational  forcers)  to  make  the  vehicle  follow  the  mass.  The 
problems  are  mechanizing  the  control  laws  and  minimizing  extraneous 
effects  such  as  the  self  gravitational  pull  of  the  spacecraft.  The 
extraneous  forces  can  be  averaged  in  one  plane  by  having  a spinning 
vehicle. 

The  lectures  by  R.  D.  Reasenberg,  J.  D.  Anderson  and  K.  Nordtvedt 
provided  three  complementary  analyses  of  a Solar  Probe  relativity 
mission.  All  three  authors  emphasized  that  their  analyses,  though 
well  advanced,  depended  on  assumptions  about  drag-free  performance. 
Reasenberg  and  Shapiro  have  concentrated  so  far  on  tracking  require- 
ments for  the  mission,  assuming  an  ideally  drag-free  spacecraft. 
Anderson  and  Lau  have  assumed  a drag- free  system  with  no  steady 
in-track  bias,  but  with  random  noise  in  the  residual  acceleration 
treated  as  a parameter  in  experiment  design.  Nordtvedt  investigated 
the  effect  of  a steady  in-track  bias  acceleration  with  negligible 
random  noise. 

Nordtvedt  concluded  that  in  order  to  measure  the  Sun's  quadrupole 

mass  coefficient  J2  to  lO”®,  and  calculate  the  Sun's  angular  momentum 

j to  20-30%  from  the  Lense-Thirring  drag,  the  in-track  bias  of  the 
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drag-free  system  should  be  below  2 x 10  g.  Anderson's  conclusion 


was  that  random  noise  will  not  degrade  the  relativistic  information 
obtainable  from  tracking  measurements  until  it  reaches  a lo  level 
of  a few  times  lO”^®  g.  Both  authors  investigated  the  implications 
of  their  analyses  for  determining  the  combination  of  PPN  relativ- 
istic parameters  (2  + 2Y  - P)#  as  also  did  Reasenberg  and  Shapiro.  The 
precision  of  measuring  the  gravitational  redshift  in  a Solar  Probe 
mission  was  also  investigated. 

Reasenberg  in  the  introduction  to  his  lecture  correctly  pointed 
out  that  factor  in  drag-free  performance  ultimately  limiting  the 
relativity  mission  is  neither  the  random  noise  nor  the  steady 
in-track  bias,  both  of  which  can  in  some  degree  be  separated  from 
relativity  terms  in  data  processing,  but  rather  the  con^nent  of 
variation  in  the  in-track  acceleration  having  a time  signature 
comparable  with  that  of  the  relativistic  terms,  that  is,  the  change 
in  drag  over  the  19  hour  duration  of  the  fly-by  of  the  Sun.  In 
other  words  what  counts  are  the  components  in  the  power  spectral 
density  of  drag-free  noise  with  frequencies  conqparable  to  the 
relativity  or  J2  signals. 

In  this  note  we  investigate  the  likely  magnitude  of  the  19 
hour  period  terms  for  spinning  and  non-spinning  spacecraft.  Our 
conclusion  is  that  the  variation  in  along-track  acceleration  for 
a non-spinning  spacecraft  from  thermal  warping  of  the  spacecraft 
is  likely  to  be  of  order  10  g and  that  electrical  charging  of 
the  proof  mass  may  easily  give  accelerations  in  excess  of  10  g. 

The  variation  in  along-track  acceleration  can  be  made  significantly 
less  in  a spinning  spacecraft,  but  the  effectiveness  of  the  reduction 
is  somewhat  of  a subtle  point  which  reqitires  detailed  investigation. 
We  are  not  in  a position  to  estimate  the  implication  of  our  conclu- 
sion for  the  analyses  of  Anderson,  Nordtvedt  and  Reasenberg;  presum- 
ably there  is  some  loss  in  accuracy  of  the  relativity  data. 

Our  starting  point  is  the  performance  of  the  DISCOS  drag-free 
controller  for  the  TRIAD  I satellite  launched  in  July  1972  and 
operated  successfully  in  space  until  the  propellant  was  used  up 
in  November  1975.^^^  The  design  was  for  a satellite  free  from 
extraneous  disturbances  down  >to  the  level  of  10  g.  This  goal 
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was  reached:  In  fact  the  iteasured  ln-fll|bt  performance  after 

correcting  for  Initial  errors  was  5 x 10‘  g. 

At  10'“  g t«ass  attraction  effects  on  the  drag-free  proof 
mass  are  of  dominant  Importance.  To  separate  the  proof  mass  as 
far  as  possible  from  most  of  the  satellite  mass,  the  ® 

was  formed  In  three  bodies  (a  TRIAD)  Joined  by  extensible  boom  , 
with  the  DISCOS  (Disturbance  compensation  System)  as  a separa  e 
central  package.  The  top  body  contained  the  nuclear  power  supply 
for  the  satellite;  the  bottom  one  the  transmitter,  receiver, 
telemetry  and  antenna.  The  satellite  weighed  86.6  kg.  It  was 
launched  In  a collapsed  form:  roughly  a cylinder  1.6  m h g , 
m In  diameter.  In  orbit  both  booms  were  extended  2.7  m. 

The  proof  mass  was  22  mm  In  diameter,  placed  In  a 40  mm  dieter 
cavity.  It  was  made  of  a 70/30  gold-platinum  alloy  chosen 
high  density  and  nearly  sero  magnetic  susceptibility.  The  cavity 
contained  three  mutually  perpendicular  pairs  of  electrodes  to 
sense  the  position  of  the  proof  mass  by  three 

the  three  signals  were  used  In  a control  loop  to  fire  three  rorres 
ponding  pairs  of  gas  Jets.  In  orbit  the  proof  mass  floated  In 
the  cavity  with  a 9 mm  clearance.  It  was  permitted  to  move  over  a 
dead  band  of  t 0.9  mm  before  the  valves  were  fired,  which 
establishing  a specification  of  lO'^^  g/mm  for  the  gradient  of  the 
disturbing  forces.  Note  that  for  a Solar  Probe  subject  to  an 
acceleration  of  5 x 10‘^  g the  valves  would  have  to  fire 
2 sec  to  maintain  an  0.?  mm  deadband.  The  maximum  number  of  firings 
In  one  axis  during  the  19  hour  fly-by  would  be  about  2 x 10  , well 
within  the  reliability  limits  of  the  valve. 


Figure  1 Illustrates  the  DISCOS  control  system  designed  by 
the  Stanford  Guidance  and  Control  Laboratory.  All  parts  of  the 
satellite  not  essential  to  the  control  system  were  located  In  the 
two  bodies  at  the  end  of  the  extensible  booms.  In  the  final  con- 
figuration the  contribution  to  mass  attraction  uncertainty  from 
the  two  end  bodies  was  restricted  to  a few  percent  without  unusual 
fabrication  tole.ance  or  accuracy  In  determining  mass  properties. 
Not  surprisingly  the  mass  distribution  In  parts  closest  to  the 
proof  mass  required  most  attention.  The  beryllium  oxide  housing 
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had  to  be  allotted  a share  of  the  error  budget  five  times  larger 
than  any  other  single  component.  Mass  attractions  were  calculated 
with  great  precision.  With  the  regulator*  for  example*  terms  up  to 
the  third  moment  of  mass  were  included  in  an  expansion  about  the 
regulator  mass-center . The  first  and  second  moments  were  found 
experimentally  by  measuring  the  mass  and  the  six  elements  of  moment 
of  inertia.  The  third  moment  had  to  be  calculated  from  drawings 
of  the  component  parts  and  weights  determined  during  assembly* 
Fabrication  tolerances  in  the  structure  as  tight  as  0.5  roil  were 
required  to  model  the  mass  attraction  adequately.  Similarly  fab- 
rication tolerances  of  0.1  mil  were  required  in  the  pickoff  housing 
and  in  thickness  measurement  of  the  propellant  tanks.  Finally  a 
compensation  mass  was  added  immediately  above  the  pickoff  housing. 
The  residual  attraction  before  compensation  was  calculated  as  83.6 
X 10“  g in  the  vertical  direction  and  0.8  x 10“^^  g in  the 
•♦along  track”  direction.  With  the  compensating  mass  the  maximum 
disturbances  were  calculated  to  be  2 x 10  g normal  to  the  orbit 
plane  and  0.7  x 10  g along  track. 

The  propulsion  subsystem  was  a conventional  •‘cold-gas”  propul- 
sion system.  However  to  satisfy  the  mass-attraction  requirement* 
it  was  necessary  to  have  two  toroidal  propellant  tanks*  placed 
equidistant  on  opposite  sides  of  the  proof  mass  in  a configuration 
making  the  gravitational  analog  of  a pair  of  Helmholtz  coils. 
Without  some  such  arrangement  there  would  have  been  changes  in  the 
mass-center  * center  of  attraction  or  mass  attraction  gradient  of 
the  propellant  as  the  propellant  mass  decreased  with  time.  Also 
the  temperature  differences  across  the  propellant  tanks  had  to  be 
held  below  2 to  prevent  gas  redistribution  from  compromising 
the  mass  attraction  specification. 


Design  considerations  for  a drag-free  solar  relativity  mission 
were  first  discussed  in  1970  in  an  admirable  paper  by  Remy  Juillerat 


Further  analysis*  drawing  on  the  DISCOS  flight  experience,  has  been 
given  in  a Report  "Drag-Free  Control  for  a Solar  Spacecraft”  sub- 


mitted^to  the  Jet  Propulsion  Laboratory  by  D.  B.  DeBra  in  August 
1976.  A general  conclusion  of  DeBra‘s  Report  was  that  drag-free 
control  of  a non-spinning  Solar  Probe  would  be  feasible  at  a d.c. 


bias  level  of  10  g,  bub  that  levels  much  below  10  g would  be 
*^^^^icult  to  reach  since  the  constraints  on  spacecraft  desi9n  are 
more  stringent  than  those  for  TRIAD  1.  The  statement  is  slightly 
obscured  by  typographical  errors  of  10*^^  g for  lO"^®  g in  a few 
places . 

DeBra's  Report  discusses  calibrating  out  the  d.c.  bias  by 

^**“^li9ht  checks  of  the  drag-free  system  while  the  spacecraft  is 

on  the  way  to  or  from  Jupiter*  At  Jupiter  the  radiation  pressure 

from  the  Sun  causes  an  acceleration  on  the  spacecraft  of  order 
••XO 

10  so  with  appropriate  tracking  and  maneuvers  of  the 

spacecraft  an  effective  calibration  is  possible*  A tradeoff 
exists  between  the  expense  of  drag-free  design  and  the  expense 
of  tracking  and  maneuvers*  We  should  also  emphasize  that  structural 
creep  or  other  changes  in  the  spacecraft  during  the  interval  between 
the  encounters  with  Jupiter  and  the  Sun  may  limit  the  effectiveness 
of  the  calibration* 

The  high  frequency  variations  in  disturbances  due  to  control 
system  activity  coupling  to  the  proof  mass  through  disturbing  force 
gradients  may  be  largely  averaged  out*  The  main  problem  in  a 
solar  relativity  mission,  as  already  stated,  is  neither  this  nor 
the  d.c*  bias,  but  the  magnitudes  of  any  components  of  along-track 
acceleration  with  this  signature  .comparable  to  that  of  the  relativity 
signals  during  the  19  hour  fly-by*  Such  effects  might  arise  from 
any  of  the  following  causes: 

(1)  changing  solar  radiation  pressure  on  the  spacecraft! 

(2)  changes  in  the  control  gain  or  bias  through  changes 
in  temperature  of  the  electronics; 

(3)  thermal  warping  of  the  spacecraft  causing  a change 

in  its  self-gravitational  attraction  on  the  proof  mass; 

(4)  changing  electric  charge  on  the  proof  mass* 

The  effect  of  solar  radiation  pressure  increases  by  nearly 
three  orders  of  magnitude  from  lo”^  g to  5 x 10“®  g in  the  first 
9%  hours  of  fly-by  and  then  dies  away  again*  A variation  in  applied 
acceleration  as  large  as  this  would  cause  trouble  if  the  drag-free 
controller  utilized  a simple  position  sensor,  owing  to  the  gradients 
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in  the  disturbance  forces  on  the  proof  mass.  The  displacement 
in  average  position  of  the  proof  mass  needed  to  provide  the 
control  signal  would  result  in  a variation  in  residual  radial 
acceleration  of  the  spacecraft  during  the  flyby,  and  hence  a 
variation  in  the  along-track  acceleration  with  a 19-hour  time 
signature.  However,  this  term  could  be  greatly  reduced  by 
using  a drag-free  system  based  on  an  integral  control  law,  so 
the  variation  in  external  pressure  is  not  a real  problem. 

With  proper  design,  temperature  changes  in  the  electronics  are 
also  no  problem.  The  DISCOS  electronics  boxes  were  passively  con- 
trolled to  levels  at  which  the  5 x 10“^2  ^ performance  was  achieved 
despite  quite  large  swings  in  satellite  temperature.  For  Solar 
Probe  one  could,  if  necessary,  have  active  temperature  controllers. 

Warping  of  the  spacecraft  is  a different  story,  however.  The 
changes  in  mass  distribution  to  be  expected  during  fly-by  are  enough 
to  cause  changes  of  possibly  lo’-*-^  g in  the  self-gravitation  attrac- 
tion of  a non  spinning  spacecraft  on  the  proof  mass  from  this  cause 
alone . 

Charging  of  the  proof  mass  may  be  an  even  more  serious  problem. 
The  discussion  of  this  topic  in  Reference  (4)  may  have  been  too 
optimistic.  With  DISCOS  in  an  800  km  orbit  there  was  no  trouble, 
but  charging  rates  of  the  French  CACTUS  accelerometer  flown  in 
an  elliptical  orbit  with  1200  km  apogee  were  such  that  the  ball 
charged  at  a rate  of  2 x lo"^^  coulomb/day  during  periods  of 
exposure  to  Van  Allen  belts. ^he  charging  had  a cyclic  behavior 
associated  with  regression  of  the  orbit:  ten  days  of  continuous 

charging  would  be  followed  by  a quiet  spell,  repeating  every  371, 
days.  The  resultant  accelerations  were  as  high  as  lo”®  g,  or  in 
one  instance  nearly  lo""^  g.  what  the  Sun  will  do  we  would  not 
presume  to  say,  but  large  variations  in  charge  during  fly-by  seem 
possible.  It  might  be  necessary  to  introduce  a discharging  mechanism, 
which  would  mean  a significant  increase  in  sophistication  of  the 
control  system.  Some  possible  techniques  for  discharging  the  ball 
are  described  by  Jui Herat  in  Reference  (3)  . 

Spinning  the  spacecraft  averages  the  drag  in  the  plane  per- 
pendicular to  the  spin  axis  probably  by  as  much  as  two  orders  of 
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magnitude.  Design  and  laboratory  simulation  of  drag-free  controllers 
for  a spinning  vehicle  are  described  in  References  (6)  .through  (9) . ' 
However  two  cautionary  remarks  must  be  set  down.  First,  as  Juillerat 
has  shown, the  thermal  time  constants  of  the  structure  may  be 
such  that  significant  errors  occur  even  with  a spinning  spacecraft. 
Second,  Solar  Probe  as  presently  configured  must  have  one  axis 
directed  always  to  the  center  of  the  Sun.  To  spin  about  this  axis 
requires  great  precessional  torques,  and  the  spin  axis  will  only  be 
perpendicular  to  the  fly-by  path  at  the  instant  of  closest  approach. 
This  is  the  best  place,  of  course,  since  it  is  the  region  of  the 
orbit  where  the  relativistic  effects  are  largest,  but  in  other 
regions  there  will  be  a component  of  along-track  acceleration  from 
the  component  of  self  gravitation  of  unknown  magnitude  parallel  to 
the  axis  of  spin.  The  principal  effect  will  have  a time  signature 
with  two  peaks  during  the  19  hour  period.  This  signature  differs 
from  at  least  some  of  the  terms  to  be  measured,  so  something  might 
be  done  to  separate  it  out  in  data  analysis?  how  far  one  can  go 
in  this  way  we  do  not  know. 

On  a more  cheerful  note  we  observe  that  the  noise  in  a well-^^ 
designed  drag-free  system  should  be  appreciably  less  than  the  10  « 

requirement  determined  by  Anderson  and  Lau.  The  principal  tasks  for 
the  control  engineer  therefore  are  to  fight  down  effects  of  d.c. 
bias,  thermal  warping  and  proof  mass  charging.  These  are  challenges 

enough. 
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MEASUREMENT  OF  SOLAR  GRAVITATIONAL  OBUTENESS 
WITH  GRAVITY  GRADIOMETERS 


Robert  L*  Forward 

Hughes  Research  Laboratories 
Malibu,  California  90265 


ABSTRACT 

We  propose  to  measure  the  gravitational  oblateness  of  the  Sun  during 
a Solar  Probe  Mission  by  means  of  a very  high  sensitivity  rotating 
gravity  gradiometer  onboard  the  spacecraft.  The  gravity  gradtometer 
would  be  a self-contained  structure  in  a thermal-vacuum-magnetic  shield 
in  the  shape  of  a cross,  with  a mass  of '20  kg  and  arm  length  of  1.0  m 
and  thickness  of  0.1  m.  The  sensor  inside  would  have  a resonant  fre- 
quency of  1/30  Hz,  a mechanical  Q of  10^  and  would  use  gravitational 

—8 

radiation  antenna  technology  to  achieve  a sensitivity  of  6 x 10  Eotvos, 

which  would  provide  a measurement  of  the  solar  oblateness  to  an  accuracy 
—8 

of  1.5-6  X 10  . The  gravity  gradiometer  will  require  a spinning  space- 

craft, so  that  it  will  not  sense  the  spacecraft  gravity  fields,  but  the 
gradiometer  does  not  need  to  be  at  the  spacecraft  center  of  mass,  or 
even  on  the  spacecraft  spin  axis.  Major  problem  areas  to  be  addressed 
are  demonstration  of  the  Instrument  sensitivity  prior  to  flight  (a 
shuttle  test  flight  would  be  suitable),  and  the  measurement  and  compen- 
sation for  any  residual  spacecraft  angular  rates. 
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INTRODUCTION 


A Solar  Probe  mleslon  Is  part  of  the  5-year  plan  of  NASA’s  Solar 
Terrestrial  Office.  The  trajectory  of  the  Solar  Probe  is  a highly  oil  Ip 
tlcal  polar  orbit  with  a perihelion  near  4 solar  radii  (see  Figure  1). 

At  4 solar  radii  the  gradients  in  the  gravitational  field  of  the  sun  are 
substantial » and  it  is  possible  to  consider  the  measurement  of  the 
oblateness  of  the  gravitational  field  using  onboard  gravity  gradiometer 
instruments. 


W®  TIME.  HOURS 


Figure  1.  Gravity  gradients  for  near-sun  trajectory  4 IT  perihelion. 


V. 


GRAVITY  GRADIENTS  OF  SOUR  OBUTENESS 

We  assume  that  the  gravitational  potential  of  the  sun  has  the  form 


U „ ^ |l  . (cos  <j^)  (ly  + higher  order  termsj 

where  J,  l«  the  solar  oblateness  coefficient.  M and  A are  the  solar  mass 
and  radius,  and  R la  the  distance  from  the  gradlometer  to  the  center  of 
the  sun.  At  the  point  of  closest  approach  of  the  solar  probe  to  the  sun 
there  will  be  three  principal  gradients  at  the  position  of  the  probe. 
There  will  be  the  gradient  in  the  polar  direction 


the  gradient  along  the  equator 


and  the  vertical  (radial)  gradient 

r 
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The  rotating  gravity  gradlometer  meaaurea  the  dlfferencca  In  the  two 
gradient.  In  It.  plane  of  rotation.  Therefore,  the  gradlometer  output 
depend,  on  the  dlreetlon  of  It.  .pin  «tU.  The  output  for  a vertical 
(solar  oriented)  spin  axis  is 


r - r 

XX  yy 


For  a .pin  aal.  along  the  polar  direction  (along  the  trajectory  for  a 
polar  orbit)  the  output  is: 


1’  - r 

yy  zz 


. 7.5  (i-)' 


Yl 


and  for  a spin  axis  orthogonal  to  tho  orbital  piano  (spacocraft  rolling 
along  Its  trajectory ) the  output  Is: 


For  the  assumed  parameters  of  the  Solar  Probe  mission 

GM  - 1.3  X 10^°  ro^/sec^ 

A - 7 X 10®  m 
R - 4A  - 2.8  X 10^  m 

we  see  that  the  gradients  of  the  sun  monopole  moment  will  be  of  the 
order  of 

r * ^ » 6 X 10  ^ sec  ^ “ 6 E 

(1  E » 1 Eotvos  * lO”^  sec”^  » lo”^*^  G/m) 

The  contribution  due  to  the  J2  solar  oblateness  term  depends  on  the 
orientation  of  the  gradiometer  and  the  type  of  output  and  can  vary  from 

^ ^2  (tf  P 

or 

“ (1.1  ->  4)  J2  (Eotvos) 

—8  S 

Since  the  estimates  of  range  from  ''*10  to  -vio”  , It  would  be 
desirable  td  measure  J2  to  an  accuracy  of  the  order  of  10~®. 
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Since  the  only  operating  gravity  gradloneter  Inatrunento  are 
prototype  airborne  survey  models  with  a sensitivity  of  1 B at  integration 
times  of  10  seC(  It  would  seem  that  the  goal  for  a solar  oblateness 
measurement  is  too  far  from  present  technology.  However,  the  Solar  Probe 
mission  requirements  are  significantly  different  from  the  airborne  sur- 
vey mission  requirements  and  It  is  possible  to  consider  gradlometers  for 
the  mission.  The  free  fall  of  space  provides  a benign  acceleration 
environment  for  an  instrument,  allowing  the  design  to  increase  In  length 
and  mass  to  Increase  its  capture  of  gravitational  energy.  The  length  of 
the  6 hr  close  encounter  combined  with  the  fact  that  all  the  data  col- 
lected during  the  encounter  can  be  used  to  obtain  a single  best  fit  to 
determine  the  desired  parameter  J2  will  increase  the  accuracy  with  which 
we  can  measure  Also,  recent  advances  in  our  understanding  and  oper- 
ation of  highly  sensitive  detectors  of  gravitation,  such  as  resonant 
gravity  gradlometers  and  gravitational  radiation  antennas,  gives  us 
reason  to  believe  that  the  desired  sensitivities  can  be  achieved. 

GRAVm  GRADIOMETER  INSTRUMENTATION 

The  sensing  portion  of  the  rotating  gravity  gradlometer  consists  of 
two  orthogonal  arms  with  weights  at  the  ends.  These  arms  are  coupled  to 
each  other  and  to  an  outer  rotor  case  by  stiff  torsional  pivots  plus  a 
pair  of  piezoelectric  bender  transducers.  The  inertia  of  che  arms  and 
the  spring  constant  of  the  pivots  and  transducers  are  adjusted  to  pro- 
vide a hlgh-Q,  mechanically  resonant  structure.  Present  models  are 
resonant  at  35  Hz,^  but  larger  models  resonant  at  lower  frequencies  have 
been  constructed.  * When  the  rotor  case  is  closed,  the  resultant 
mechanical  structure  is  very  rugged  and  can  withstand  multi-gee  shocks 
without  requiring  caging.  The  rotor  is  usually  placed  on  self-pumping 
oll-Jubricated  Journal  bearings  and  spun  inside  a cylindrical  stator  at 
exactly  one-half  the  sensor  resonant  frequency.  However,  if  the  sensor 

is  attached  to  a spinning  spacecraft,  the  spacecraft  can  provide  the 
2-4 

desired  rotation.  The  gravity  gradient  field  of  the  mass  being 
sensed  produces  a difference  in  acceleration  across  the  arms  of  the 
sensor  and  generates  a differential  torque  between  the  two  arms  that  is 
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proportional  to  tho  gravity  gradient  (aee  Figure  2).  Thin  differential 
torque  is  modulated  by  the  rotation  of  the  sensor  to  produce  a sinusoidal 
driving  torque  at  twice  the  sensor  spin  speed  or  exactly  at  the  sensor 
mechanical  resonant  frequency.  Because  of  the  resonant  response,  the 
structure  will  provide  a large  amplitude  response  to  even  very  small 
gravity  acceleration  differences.  These  oscillations  of  the  sensor  arms 
are  then  detected  by  the  piezoelectric  bender  transducers  coupled  between 
the  two  arms.  This  is  the  same  transducer  technique  used  In  detectors 
for  gravitational  radiation. 

The  sinusoidal  signal  from  the  transducer  Is  amplified,  filtered, 
and  converted  into  an  FM  signal  by  internal  electronics.  The  resultant 
data  consists  of  a measurement  of  the  amplitude  and  direction  of  the 
difference  t . tween  the  tvo  components  of  the  gravity  gradient  field  In 
the  plane  of  rotation  of  the  sensor. 


Figure  2.  Method  of  operation  of  rotating  gravl*y  gradlomotor. 


CRAP IOMETER  SENSITIVITY 


Tlu>  ultimuti'  Kfusltivlty  of  u roHonant  gravity  gradlometor  ia 
given  hy 


where  kT  Ih  the  thermal  noise  introduced  Into  the  structure  by  the 

inherent  mechanical  damping,  m?^  is  the  effective  inertia  of  the  sensor 

arms,  ; is  the  measurement  time,  and  t is  the  1/e  decay  time  of  the 
m 8 

sensor  as  determined  by  the  level  of  mechanical  damping. 

We  will  assume  that  every  effort  will  be  made  to  make  the  initial 
mechanical  d.implng  in  the  sensor  as  small  as  possible.  Since  a mechani- 
cal of  2 X 10^  has  been  seen  in  gradiometers  where  initial  damping  was 
not  of  concern,  we  expect  to  be  able  to  obtain  initial  mechanical  Q*s  ol 
l(»^  or  better.  With  a ^ of  10**  and  a frequency  of  f ■ 1/30  Hx,  the 
dec,ay  time  of  the  instrument  would  be 

i - ■ 10^  sec 

s u'  irt 

or  approximately  1/3  of  a year. 

The  decay  time  of  the  sensor  t is  also  the  time  that  it  takes  th»» 
state  of  excitation  of  the  sensor  to  change  by  an  amount  kT  due  to  ran- 
dom fluctuations  introduced  by  the  exchange  of  energy  with  the  rest  of 
the  thermodynamic  environment  through  the  damping.  This  means  that 
during  the  b hr  (2  x 10^  sec)  measurement  time  duration  of  the  encounter, 
the  change  of  excitation  of  the  Instrument  would  be  almost  totally  that 
due  to  the  driving  forces  of  the  gravity  gradient  field  acting  on  the 
sensor  arms,  while  only  a small  fraction  is  random  excitation  due  to 
titermal  energy  slowly  leaking  in  through  the  d.implng  mechanisms. 

For  a sensor  mass  of  m « 10  kg,  length  U « I ro,  sensor  time  cons* ant 
t A 

I ^ in  sec,  measufement  t ime  i • 2 x 10  sec,  and  temperature  ot 
s ® 

r I00"K,  the  cqu. valent  noise  level  is 


where  k • 1.38  x 10  J/  K.  This  wotild  allow  for  a measurement  of  Jo 
Co  an  accuracy  of  1.5-6  x 10  . For  comparison,  we  have  constructed^ 
a brassboard  prototype  of  a spinning  spacecraft  gravity  gradiometer  with 
m ■ 24  kg,  i ■ 0.75  m,  f ■ 8 Hz,  Q » 900,  and  both  T and  { ■ 35  sec 
(see  Figure  3).  This  instrument  had  a design  sensitivity  of  7 x lo'*'*  E. 

It  will  not  be  easy  to  build  a gravity  gradiometer  with  the  required 
sensitivity,  but  it  should  be  considerably  cheaper  than  a drag-free 
spacecraft  design.  In  addition,  the  instrument  package  can  be  checked 
out  in  the  laboratory  and  further  tested  in  earth  orbit  prior  to  the 
Solar  Probe  mission. 

As  presently  envisaged,  the  gradiometer  instrument  will  be  in  the 
shape  of  a self-contained  X shaped  thermal-vacuum  Jacket  with  arms  from 
0.50  to  2 m in  length,  rigidly  attached  at  any  convenient  place  on  the 
spacecraft  (it  does  not  have  to  be  at  the  center  of  mass  and  does  not 
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Figure  3.  Brassboard  prototype  of  0*75  m diameter  sensor* 


have  to  be  on  Che* spacecraft  rotation  axis).  For  optinum  operation,  the 
sensor  should  be  attached  firmly  to  the  spacecraft,  and  the  whole  space- 
craft rotated  at  1 rpm  (approximately  1/2  the  sensor  resonant  frequency) 5 
In  this  mode  of  operation,  the  gravity  gradiometer  does  not  see  the 
gravity  gradient  fields  of  the  spacecraft  (not  even  the  gravity  changes 
of  a moving  platform  or  fuel  motion)  only  the  gravity  gradient  fields  of 
the  sun. 

ERROR  SENSITIVITIES 

Although  one  would  think  that  the  1/3  year  decay  time  would  make 
the  response  time  of  the  instrument  too  long  to  use  in  a 6 hr  encounter,  | 

this  is  not  a real  problem.  The  amplitude  of  the  s nsor  response  is 
merely  measured  periodically  and  the  change  in  the  response  is  the  amount 
of  excitation  inserted  by  the  gravity  gradient  forces  since  the  previous 
measurement  of  the  state  of  excitation  of  the  sensor.  The  only  prohtems 
that  arise  from  the  use  of  this  technique  come  when  the  statu  of  excita- 
tion becomes  so  high  that  nonlinearities  in  the  detection  system  start 
to  become  significant.  There  are  a number  of  techniques  to  cope  with 
this  problem.  One  is  to  use  electronic  "clamping**  to  stop  any  residual 
motion  of  the  sensor  prior  to  the  encounter  or  whenever  the  excitation 
level  of  the  sensor  becomes  too  high. 

The  preferred  technique  is  to  use  electronic  feedback  damping  using 
**electrically  cold**  circuits  to  lower  the  response  time  without  adding 
an  equivalent  amount  of  noise  (we  have  demonstrated  this  on  a resonant 
gravity  gradiometer).^  The  electronic  damping  technique  will  produce  a 
low-noise  sensor  with  an  appreciable  bandwidth.  This  means  that  less 
care  need  be  taken  to  match  the  satellite  spin  speed  to  one-half  the 
sensot  resonant  frequency. 

The  major  source  of  error  in  the  experiment  will  be  angular  rates 
of  the  spacecraft  at  right  angles  to  the  spacecraft  spin  axis.  An 
angular  rate  has  a rotational  rate  gradient  that  Is  indistinguishable 
from  a gravity  gradient.  The  value  of  the  rotational  rate  gradient  is 
zero  along  the  axis  of  the  angular  rate  and  is  * il  in  the  two  direc- 
tions orthogonal  to  the  rate  axis. 

Tf 
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To^achleve  a moaBurement  of  the  p.rnvity  Krndtent  to  an  accuracy  oj 
6 X U)  K will  require  the  control  or  mea«urement  of  the  Hpacecrafr 
anRular  rates  (except  about  the  spin  axis)  to 

n - 3 » I0-’ 

sec 

- 0.001  */hr 

To  measure  this  would  require  a hlfh  quality  rate  gyro. 

It  a gravity  gradiometor  was  to  be  considered  for  the  Solar  l*robe 
mission,  it  would  be  essential  that  R&l)  work  on  a high-Q,  low-t i equency 
prototype  model  be  started  at  once.  The  desired  Q of  10**  should  not  be 
hard  to  obtain,  but  the  low  frequency  means  that  R&O  work  needs  to  be 
done  on  the  transducer-preamplifier  configuration  to  obtain  sufficient 
voltage  output  from  the  transducer  at  the  10“**  E level  to  overcome  the 
1/f  noise  of  the  preamplifier,  without  using  so  much  transducer  that  the 
mechanical  Q ia  affected. 
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SECTION  III 


THE  SOLAR  SURFACE 


New  Perspectives  for  Solar  Observations 

H.S.  Hudson 
Department  of  Physics 
University  of  California,  San  Diego 

I.  Introduction 

The  Solar  Probe  offers  us  a chance  to  approach  our  nearest  star  more 
closely  than  about  one  AU,  with  the  obvious  advantage  of  permitting  more 
detailed  observations  of  Its  surface  than  we  can  obtain  from  Earth.  In 
these  comments  I will  discuss  the  merits  and  demerits  of  a very  close 
approach,  while  the  subsequent  contributions  will  describe  some  specific 
ideas  In  greater  detail.  In  addition  to  the  advantage  of  proximity, 
any  deep-space  mission  that  carries  Instruments  for  observation  of  the 
solar  surface  also  views  the  Sun  from  a perspective  different  from  that 
of  Earth.  This  Is  not  merely  a trivial  improvement  over  Earth-based 
observations,  because  the  Inhomogeneities  of  the  solar  atmosphere  actually 
prevent  a full  understanding  of  Its- nature. from  observations  at  one 
point  In  space. 

Let  R represent  the  heliocentric  distance  of  a point  of  observation. 
Table  1 then  gives  the  R dependence  of  various  observing  parameters: 
the  spatial  resolution  scales  as  1/R,  for  example.  The  total  flux 
from  an  unresolved  point  source  scales  as  l/R^.  This  benefits  • 
gamma-ray  spectroscopy  among  others,  where  the  limiting  source  of 
noise  may  come  from  photon  statistics  In  the  signal  Itself.  The  surface 
brightness  (flux  per  resolution  element)  does  not  vary  with  R for  a 
resolved  source.  The  time  of  flight  from  a solar  source  to  the  point 

ft 
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Table  1 

Radial  Tependences 


Distance  to  Sun 
Spatial  Resolution 
Flux  from  Unresolved  Source 
Flux  from  Resolution  Element 
Time  of  Flight  from  Source 
Naive  Equilibrium  Temperature 


of  observation  sOes  os  Ri  seller  ti«s  of  flight  are  good  for 
observation  of  neutrons  and  charged  particles,  finally,  one  must 
point  out  that  the  ~i..iHbrium  temperature,  (the  simple  blachbody 
temperature  of  the  observatory  unmodified  by  active  or  even  passive 
controls)  will  increase  according  to  the  law  R'’'*  as  one  draws  nearer 
to  the  Sun.  This  is  the  basic  price  one  pays  for  getting  better 

observing  conditions. 

In  numerical  terms,  the  spatial  resolution  of  a telescope  will  be 
given  by 


d ^ 75  0^)  (i^) 

where  we  scale  to  a diffract Ion- 11 ml  ted  aperture  D that  will  give 
0.1  arc  sec  resolution  for  D » 1.25  m at  1 AU.  By  comparison,  the 
best  ground-based  resolution  of  1/3  arc  sec  corresponds  to  the 
diffraction  limit  of  a telescope  with  'v.  40  cm  aperture.  The  -hello- 
synchronous"  orbit  occurs  at  R ^ 0.17  AU.  as  an  Interesting  special 
case  of  Equation  (1);  a satellite  In  circular  orbit  here  would 
continuously  view  the  same  solar  hemisphere  (Ignoring  different 
rotation).  A 25  cm  telescope  at  this  location  would  give  results  far 

better  than  the  best  ground-based  Imaging. 

1 1 . nhQgrvatlons  from  Earth  and  from  Near-Earth  O.rbjt. 

A.  Optical  Wavelengths 

Observations  In  visible  light  have  depended  mainly  upon 
ground-bosed  instrumentotion.  with  slow  improvement  in  telescope  optics 
over  the  lost  century.  The  best  resolution  quoted  obove  occurs  only 


rarely  even  in  the  new  vacuum  telescopes  that  have  partly  overcome 
seeing  problems.  A Shuttle-borne  solar  optical  telescope  (SOT)  Is 
now  planned  for  high  resolution  ('v  0.1  arc  sec*  or  70  km)  solar  obser- 
vations. It  will  obtain  Individual  pictures  with  excellent  "seeing". 

Even  more  Importantly  It  will  obtain  long  sequences  of  such  pictures, 
something  beyond  the  capability  of  any  ground-based  telescope.  These 
SOT  observations  will  achieve  complete  resolution  of  optically  thick 
solar  surface  structure  with  horizontal  size  scales  at  the  limit  de- 
termined by  the  hydrostatic  scale  height  of  the  atmosphere.  This 
corresponds  to  a typical  photon  mean  free  path  In  normal  photospheric 
layers.  The  SOT  has  many  additional  conveniences  such  as  Interchange- 
ability  of  focal -plane  Instruments,  abundant  telemetry  (or  the  use  of 
film),  capability  for  real-time  control,  and  others.  All  of  these 
considerations  conflm  SOT's  definitive  role  In  solar  optical  obser- 
vational astronomy  in  the  next  decade. 

Nevertheless  Important  small er-scale  structure  will  certain iy  exist. 

One  solar  example  Is  the  transition  region,  where  simple  models  require 
very  abrupt  temperature  gradients  that  define  formation  regions 
much  thinner  than  a hydrostatic  scale  height.  The  Earth's  atmosphere 
provides  many  nearby  examples— clouds,  lightning,  airplanes — of  structures 
smaller  than  a scale  height  that  have  Important  Influences  on  atmospheric 
processes.  The  photon-mean-free-path  ITmIt  on  Interesting  size  scales 
in  any  case  does  not  apply  to  optically  thin  regions,  and  size  scales 
smaller  than  'v»70  km  will  assuredly  be  of  Interest  for  the  explanation 
of  many  solar  phenomena,  especially  those  In  .the  upper  atmospheric  layers. 


8lt 


B.  Ultraviolet  and  X-ray  Wavelengths 

At  shorter  wavelengths  all  observations  to  date  have  of  course 
been  made  from  space  platforms---notably  OSO  satellites.  These  wavelengths 
relate  especially  well  to  problems  of  the  chromosphere,  transition  region, 
and  corona.  Including  dramatic  forms  of  activity  such  as  solar  flares. 
Angular  resolutions  have  not  exceeded  a few  arc  sec,  and  severe  technical 
problems  stand  In  the  way  of  achieving  high  (sub-arc-sec)  resolutions  at 
the  shorter  wavelengths,  where  normal- Incidence  reflecting  optics  fall 
to  work.  Here  also  flux  limitations  may  become  predominant  even  for 
broad  spectral  bands. 

C.  Other 

There  have  been  virtually  no  Imaging  observations  of  hard 
('2  keV)  X-rays  and  energetic  particles,  Including  neutrons--- "Imaging” 
of  energetic  particles  here  means  Identifying  and  mapping  their  sources 
in  detail.  Hard  X-rays  can  be  Imaged  with  suitable  telescopes  from  1 Au, 
but  these  observations  are  subject  to  limitation  of  signal-to-noise  ratio 
by  photon  statistics  In  the  weak  solar  signal.  The  energetic  particles 
and  neutrons  suffer  from  peculiar  propagation  effects  In  their  transit 
from  the  Sun  to  the  Earth^and  mapping  their  sources  from  1 AU  is  virtually 
Impossible. 

III.  Solar  Observations  from  the  Solar  Probe 
A.  Proximity 

Getting  close  to  the  Sun  basically  enlarges  the  apparent  solar 
structure  and  makes  telescope  requirements  easier  to  meet;  the  disad- 
vantages include  severe  thermal  loading,  very  limited  spacecraft 
resources  and  short  observation  time.  For  comparable  observational 
objectives  at  the  level  of  the  Shuttle  solar  tcloscopo  (SOT),  I.e.  angular 


resolution  0.1  arc  sec  or  more,  a telescope  at  1 AU  is  clearly  the 
preferred  choice.  For  ultra-hlgh-resolutlon  observations,  however,  It 
seems  clear  that  a closer  approach  to  the  Sun  will  be  helpful.  In  the 
extreme  application  of  equation  (1),  R » 4 Rq  ^ .02  AU,  a 25-cm  telescope 
would  resolve  7 km  structural  features— It  would  therefore  rival  a 
diffraction- limited  13m telescope  at  one  AU'.  Given  any  substantial 
Interest  In  these  size  scales,  and  many  theories  do  require  fllamentatlon 
this  small,  a Solar  Probe  or  equivalent  Is  the  only  feasible  choice  for 
an  observing  platform. 

6.  Perspective 

A new  perspective,  giving  two  lines  of  slqnt  for  solar 
viewing,  will  dramatically  Increase  our  knowledge  of  the  three-dimensional 
structure  of  the  solar  atmosphere. 

We  know  little  about  the  horizontal  Inhomogeneities. 

The  shadowing  caused  by  such  unknown  structures  greatly  affects  the 
limb-darkening  profile  In  infrared  and  radio  continuum  , corresponding 
to  heights  of  formation  near  the  temperature  minimum.  In  general  three- 
dimensional  effects  must  be  strongest  just  at  the  most  Interesting 
parts  of  the  atmosphere— the  sites  of  the  stronger  magnetic  fields— 
because  the  field  can  aid  In  establishing  the  Inhomogeneous  structures 
there. 

The  normal  perspective  (from  Earth)  of  these  structures  does 
not  suffice  to  untangle  them  by  the  traditional  center-to-1 Imb  statistical 
approach.  Compounding  the  problem  are  (1)  the  seco  dependence  of  the 
height  of  formation  of  radiation,  where  o Is  the  angle  of  Incidence 
relative  to  the  local  solar  normal  (radiation  of  the  same  wavelength 
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conies  from  a different  layer  on  the  limb)  and  (11)  the  greater  Hiie- 
of-sight  averaging  of  inhomogeneous  structures  toward  the  limb. 

It  Is  clear  that  viewing  troiii  o second  simultaneous  perspective 
will  give  a qual  Uatively  new  and  linpcrtanl  means  at  studying  solai 
a tmospher i c s true  tu r-e . 

(I)  lor  oplkallv  Uiick  sources,  two  teloscopev,  obsorving  Ihi 
same  legion  idn  help  sort  out  shadowing  eifeehs. 

(c)  For  optically  thin  souices,  the  two  lines  of  sijln  hegip  to 
make  possible  a full  ’ hree-diniensional  roconstruci  ion,  liy 
analogg  v/ith  iiipdical  X*ray  tomography  praolico. 

(3)  The  Vector  magnetic  field  can  be  iiiort;  easily  deleimined 
('’)  One  telescope  will  view  objects  physinlly  cecijlit..l  by  i lie 

solar  limb  for  the  other  telescope.  This  extends  continuous 
coverage  and  lui'  other  benefits,  sucli  as  early  wurninn  of 
the  arrival  of  solar  activity  at  the  limb. 

These  advantages  are  not  unique  to  the  Solar  Probe  Mission,  since 
they  would  be  available  front  any  deep-space  solar  observatory.  Only 
the  Solar  Probe  could  however  completely  accomplish  item  (2),  namely 
the  synthesis  of  true  three-dimensional  structures  for  stable  optically-thin 
sources,  during  the  rapid  transit  of  perihelion.  For  example  a soft 
X-ray  or  ultraviolet  telescope  could  determine  the  complete  luminosity 
distribution  for  a quiescent  active-region  loop,  and  of  course  it 
would  simultaneously  resolve  it  in  great  detail  because  of  the  close 
range  at  Solar  Probe  perihelion. 
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IV.  Cop^-luslon 

High-resolution  imaging  of  the  solar  surface  has  been  and  con- 
tinues to  be  crucially  important  for  solar  astronomy.  At  present,  we 
plan  to  cbtain  a high  resolution  ('^  0.1  arc  sec)  corresponding  to  a 
physical  limit  —the  hydrostatic  scale  height— with  the  Shuttle-borne 
solar  optical  telescope  (SOT).  At  this  resolution  we  may  expect  con- 
clusive observations  relating  to  the  structure  of  the  quiet  solar 
atmosphere,  sunspots,  spicules,  oscillations  and  many  other  current 

problems  of  solar  astrophysics. 

Beyund  this  limit  important  unresolved  structure  will  exist. 

especially  in  optically-thin  regions  or  in  regions  with  strong  magnetic 
fields.  Furthermore,  we  expect  ambiguity  to  remain  in  our  solar  imagery, 
because  a single  line  of  sight  cannot  suffice  completely  to  untangle 
the  vertical  dimension  from  the  two  horizontal  dimensions.  To  remedy 
these  deficiencies,  the  observatory  must  move  close  to  the  Sun.  A 
Solar  Probe  with  a complement  of  solar  telescopes  would  be  very  de- 
sirable. even  given  the  severe  limitation  on  weight  and  telemetry  and 
special  design  constraints  necessary  to  get  around  the  intense  solar 
heat  input.  Even  a few  images  with  ultra-high  resolution  would  be 
immensely  rewarding  scientifically  and  would  have  an  impact  probably 
comparable  to  that  of  the  first  pictures  of  Martian  craters  or  of  the 
back  side  of  the  Moon. 
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Ill  m %j  ^ 

OPTICAL  OBSERVATIONS  OF  THE  SUN  FROM  A SOLAR  PROBE 

H.  Zirln 

California  inatituta  of  Tachnology 

Optical  obaarvationa  of  tha  aun  from  a aolar  proba 
offar  a unique  opportunity  to  make  a great  atep  forward  in 
aolar  phyaica  by  puahing  apatial  reaolutiot*  * \^Ataca 

atructure  to  ultimate  limita  with  aimple  inatrumentation • 

The  logic  ia  aimple s a 10  cm  aperture  teleacope  at  4 aolar 
radii  reaolvea  the  equivalent  of  a five  meter  teleacope  in 
earth  orbit.  Oiven  the  eaae  of  producing  a diffraction 
limited  10  cm  teleacope  and  the  difficulty  of  fabricating 
a diffraction  limited  5 meter  teleacope,  the  performance  of 
the  amall  teleacope  could  well  be  better. 

No  one  knowa  the  ultimate  limit  of  aiae  in  atructurea 
on  the  aun.  There  arC;  aome  who  argue  it  ia  limited  by  the 
mean  free  path  of  radiation,  perhapa  100  km,  or  by  the  acale 
height,  alao  100  km.  There  are  othera  who  believe  it  may 
be  limited  only  by  the  radiua  of  gyration  in  the  magnetic 
fielda,  a few  metera.  And  there  are  thoae  like  n^aelf,  who 
having  found  that  moat  of  the  phyaica 1 proceaaea  we  atudy 
on  the  aun  appear  to  be  governed  by  phenomena  on  a acale 
below  our  reaolution,  aimply  feel  that,  without  prejudge- 
ment, we  ahould  find  out  what  ia  going  on  at  the  amalleat 
poaaible  acale. 

The  arithmetic  on  reaolution  ia  atraightfoirward.  The 
modulation  tranafer  function  (MTF)  of  a diffraction- limited 

ayatem  ia  9 * i. 

Mtf(v)  ~ (q>  - coa  q>  ain  9)  (coa  e) 

T - coa"^  <2^  ) 

where 

V ■ apatial  frequency  (cyclea/mm) 
k m wavelength  (mm) 

NA  a numerical  aperture  (2/f  number) 
e a half-field  angle 

k a 1 for  radial,  k a 3 for  tangential. 
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The  MTF  ie  the  ratio  of  the  intensity  modulation  of  the 
source  to  that  of  the  image.  The  last  term  in  brackets  ie 
of  order  unity.  The  limiting  resolution,  is  given  by: 

''o  • \ (f/#)  • 

Since  at  this  resolution  the  modulation  is  zero,  it  is  not 
too  useful.  The  modulation  in  the  final  image  should  be 
such  as  to  produce  a reasonable  signal  to  noise  ratio  in 
the  counted  photons  per  detector  element.  It  is  reasonable 
to  use  about  .05  as  a limiting  MTF. 

Since  one  can  practically  expect  to  use  detectors  of 
about  20  microns  size,  this  has  an  MTF  of  .05  for  f/27; 
using  a 10  cm  aperture,  this  gives  1.5  arc  sec  per  detector 
element,  or  about  20  km  at  the  sun.  Of  course  other  ratios 
might  be  adopted  according  to  data  rates,  etc.  Exposures 
would  be  quite  short  even  for  monochromatic  observations. 

Because  data  rates  are  limited,  it  t#ould  be  uise  to 
only  look  at  limited  areas  where  resolution,  and  not  the  • 
general  picture,  are  important.  For  example,  a granule 
would  cover  2500  elements  of  the  above  detector;  since  the 
granule  lives  8 minutes,  one  would  want  perhaps  5 frames  or 
12500  data  points,  each  with  many  gray  levels  (say  6 bits) 
or  72000  bits/8  minutes.  Since  more  than  one  granule 
should  be  studied  at  once  (say  50),  one  comes  to  7200  bits 
per  second  for  20  minutes.  Such  a sequence  %#ould  define 
rather  well  the  structure  and  evolution  of  individual 
granules . In  the  case  of  Ha  chromospheric  structure,  the 
structures  are  much  more  varied  (if  you  saw  one  granule 
you  saw  them  all,  within  limits) . On  the  other  hand,  one 
can  settle  for  individual  frames  which  reveal  structure. 

In  the  case  of  spicules,  one  requires  again  sequences  of  a 
limited  number  of  objects  which  may  be  assumed  to  be  a 
homogeneous  class. 

The  list  of  phenomena  for  which  vary  high  resolution 
ima^as  will  provide  new  understanding  is  long:  sunspots. 
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flare  kernels,  the  extreme  limb  of  the  sun  (for  vertical 
structure  and  possible  oscillations) . in  every  case  one 
feels  that  a really  good  look,  a really  good  measure  of 
emission  as  a function  of  space  and  time,  will  clear  up 
some  of  our  most  pressing  problems.  If  there  are  any  very 
small  sunspots  associated  with  the  filigree  field  (the 
strong  quiet  sun  fields)  we  should  see  them.  Of  course, 
providing  more  sophisticated  secondary  instrumentation, 
such  as  magnetograph  capability,  will  be  even  better;  but 
if  weight  and  power  constraints  keep  the  instrument  to  a 
simple  white  light  telescope  or  maybe  an  Ha  filter,  the 
achievement  will  be  great. 

It  should  be  emphasised  that  this  instrument  complements 
planned  solar  optical  telescopes  in  earth  orbit.  The  time 
and  data  limitation  mean  it  can  only  go  after  one-shot 
problems.  On  the  other  hand,  there  is  no  obvious  way  that 
this  resolution  could  be  obtained  from  earth  orbit  in  the 
foreseeable  future.  The  telescope  discussed  would  only  need 
a few  arc  seconds  of  pointing  - the  same  resolution  at  the 
earth  would  require  .02  arc  sec  pointing.  The  difficulties 
of  figuring  and  aligning  a great  telescope  in  earth  orbit 
to  this  capability  are  well-known.  True,  we  will  only  get 
a few  glimpses,  but  they  will  guide  our  thinking  for  years 
to  come,  as  did  the  first  closeup  frames  of  Mars. 

I have  not  mentioned  stereo  viewing;  what  actually  can 
be  done  depends  greatly  on  details  of  the  instrument  and  time 
limitations.  Three-dimensional  studies  of  sunspots  and 
filaments  are  particularly  appealing.  It  is  doubtful  that 
any  of  the  fine  structures  will  last  for  the  interval  needed 
for  a real  30  effect,  but  particularly  the  Wilson  effect  of 
the  depression  of  sunspots  will  be  important  to  study. 
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SOLAR  PROBE  STUDIES  OF  THE  SOLAR  CONVECTION  ZONE 

R.  K.  Ulrich 
DepcrCfflent  •>€  Astronomy 
University  of  California,  Los  Angeles 

A Solar  Probe  mission  would  provide  a unique  opportunity  to  study 
the  dynamics  of  the  solar  convection  sone.  The  critical  portion  of  this 
sone  occurs  at  or  Just  below  the  solar  photosphere.  The  important  siae 
acale  of  500  to  1000  las  for  the  «iergy>carrylng  eddies  is  Just  at  the 
limit  of  somewhat  better  than  1 resolution  when  the  Sun  is  viewed 
from  1 AD.  This  quality  of  resolution  has  been  attained  with  the  largest 
practical  telescope  else  of  about  24”.  Prom  a distance  of  3 R^  as  may 
^ attainable  with  a Solar  Probe,  resolution  of  5**  such  as  would  be 
possible  from  a small  telescope  will  allow  observations  of  features  as 

Since  the  Solar  probe  will  be  as  close  to  the  Sun  as 
0.014>AU,  the  effective  resolution  is  increased  a factor  of  70.  A 3” 

telescope  on  the  Solar  Probe  will  have  resolution  equivalent  to  a 200” 
telescope  on  Earth.  Thus  observations  could  be  carried  Into  the  slse 
scale  irfileh  presumably  la  responsible  for  the  turbulent  viacoslty. 

^ of  theoretical  dynamical  models  will  then  be  possible.  Full 
three-dimensional  models  are  now  under  development  at  UCLA  by  Dr.  Undo  Due 
on  leave  from  the  Tartu  Astrophyslcal  Observatory  In  Estonia,  niese 
models  will  be  available  well  before  the  mission  to  provide  a framework 
for  the  interpretation  of  high  resolution  observations. 

The  preferred  Instrument  is  a magnetograph  operated  In  a Doppler 
mode.  A Fabr^-Perot  etalon  can  provide  the  spectral  discrimination 
necessary  for  the  measurement  of  velocities.  An  optical  pointing  systn 
will  be  required  which  has  the  capability  of  tracking  a fixed  portion  of 
the  soUr  surface  with  an  accuracy  of  3® . Thirty  minutes  of  observation 


At  A tAtA  of  ooA  128  X 128  frAM  AVAty  15  A will  pAtf 't  A dAtAllAd  Atudy 
of  thA  Avolutlon  of  thA  grAnolAtion  througb  tIurAA  llfotlMA* 

TblA  iBAtnmAnt  caii  aIao  provldA  long  tlao  bAAA  obAorvAtionA  of 
tho  AOlAt  pHBOdA  OAClllAtlonA  bofOTA  AOd  AfCOt  tho  AOIAT  pAAAAgA*  THAAA 
obAorvAtlonst  whoa  coablnAd  with  AiallAr  gxound-bAAAd  obAACVAtlonA»  will 
permit  a very  eecurete  decermlnetlon  of  both  the  horlzontxl  wAvelength 
end  the  frequency*  Thle  comblnAtlon  will  Allow  e determlnAtlon  of  the 
rete  of  solar  rotation  at  a depth  25Z  below  the  solar  surface  to  an 
accuracy  of  better  than  0.5  hm/s.  Flare-generated  oscillations  will  be 
observable  and  will  permit  a detailed  test  of  the  average  envelope 
structure  below  the  solar  photosphere.  The  Instrument  operated  In  a 
magnetograph  mode  can  be  used  to  study  the  filamentary  magnetic  structure 

This  research  was  supported  in  part  by  N^SAtNSG  7407  and  »8FtAST7 6-20260 


THE  DETERMINATION  OF  THE  STRUCTURE  AND  HEATING  MECHANISMS 
OF  CORONAL  LOOPS  FROM  SOFT  X-RAY  OBSERVATIONS 
WITH  THE  SOIAR  PROBE 


John  M,  Davis  and  Allen  S,  Krieger 
American  Science  and  Engineering,  Inc. 
955  Massachusetts  Avenue 
Cambridge,  Massachusetts  02139 


^.Str^ci  Ibe  question  of  whether  high  resolution  soft  x-ray 
imaging  from  the  Solar  Probe  can  be  Justified  in  terms  of  the 
expected  scientific  return  is  answered  in  the  affirmative.  A 
specific  objecti\^  namely,  the  determination  of  the  temperature 
and  density  structure  of  a coronal  loop,  is  defined.  Its  under- 
standing is  shown  to  be  crucial  to  the  more  general  problem  of 
coronal  heating.  An  instrument  and  its  effect  on  the  design  of 
the  Solar  Probe  spacecraft  is  discussed. 
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1. 0 INTRODUCTION 


Tho  Sfolar  Piroba* Mission  Is  doslonod  to  maka  a single  vary  close 
approach  to  the  sun  which  will  allow  In^sltu  measurements  of  the 
acceleration  region  of  the  solar  wind  and  high  energy  particles  and 
a determination  of  the  solar  quadrupole  moment  Jj.  In  addition  It 
may  be  possible  to  use  the  probe  as  a platform  for  taking  close-up 
pictures  of  different  regions  of  the  solar  atmosphere.  However, 
because  of  the  fly-by  nature  of  the  mission,  the  time  spent  close 
to  the  sun  Is  short  and  the  number  of  images  that  can  bo  obtained 
will  be  small.  Therefore  we  have  taken  a critical  look  at  the  uniqueness 
of  the  scientific  results  which  we  could  expect  and  weighed  them  against 
the  technical  difficulties  which  must  be  overcome  to  reduce  the  severe 
environmental  constraints  Imposed  by  the  close  solar  approach. 

On  balance  we  believe  that  a strong  case  can  be  made  for  imaging 
experiments  in  several  wavebands;  however  we  have  restricted  our 
presentation  to  soft  x-ray  wavelengths  which  provide  images  of  the 
solar  corona.  For  imaging  exp-.r<ments  In  general,  the  advantage 
of  the  Solar  Probe  is  that  it  will  provide  higher  spatial  resolution 
measurements  than  can  be  obtained  currently  from  Earth  orbit.  In 
the  soft  x-ray  band  the  statement  will  be  true  for  the  next  decade 
and  probably  for  the  remainder  of  the  century.  Therefore  the  peri- 
helion passage  of  the  Solar  Probe  provides  a singularly  unique 
opportunity.  To  take  full  ad  ^ntege  of  It.  we  have  developed  an 
observational  program  which,  we  believe,  cculd  have  considerable 
Impact  on  the  future  development  of  coronal  and  space  plasma  physics. 

Tho  measurements  wo  would  perform  are  crucial  to  the  general  pro- 
blem of  coronal  heating.  This  problem  has  been  central  to  the  study 
of  solar  physics  for  over  30  years  and  there  exists  no  concensus 
between  theory  and  observation  except  in  the  most  general  terms. 


No  immediate  change  In  this  unsatisfactory  situation  is  likely 
because  the  differences  among  the  various  theoretical  descriptions 
can  be  tested  only  at  a level  of  resolution  far  superior  to  that 
currently  available.  Consequently,  there  exists  little  incentive  for 
theorists  to  develop  precise  models  which  are  suitable  for  observa- 
tional test.  We  believe  that  there  are  specific  measurements  which 
could  be  made  from  Ihe  Solar  Probe  which  would  change  this  situation. 
By  providing  information  on  the  fine  structure  of  the  corona,  the 
measurements  would  force  a more  critical  review  of  the  competing 
theories  of  coronal  heating  to  be  made. 

Space  observations  of  the  sun  at  x-ray  and  EUV  wavelengths  have 
shown  that  the  material  in  the  Inner  corona  is.  to  a large  extent, 
concentrated  in  loops  which  surround  the  lines  of  the  solar  magnetic 
field  (Figure  1).  The  loops  are  at  coronal  temperatures  (above  2 x 
10®  K)  and  have  lifetimes  that  are  very  long  compared  to  radiative 
or  conductive  cooling.  Thus  the  observations  imply  that  the  loops 
are  undergoing  continuous  heating.  However,  neither  the  power 
source  nor  its  transfer  mechanism  have  been  observe tionally  identi- 
fied. This  is  because  tite  effects  of  different  heating  mechanisms 
on  the  observable  parameters,  plasma  temperature,  density  and 
pressure,  will  be  most  noticeable  in  the  direction  perpendicular 
to  the  field  lines  and.  in  this  direction,  the  heating  region  is 
predicted  to  be  at  most  100  km  thick.  This  is  well  below 
the  resolution  of  current  instruments  in  Earth  orbit  although  not 
below  the  resolution  of  the  same  instruments  If  they  are  carried 
close  to  the  sun.  Thus  the  objective  for  a soft  x-ray  imaging 
experiment  on  the  Solar  Probe  can  be  stated  as  follows:  to  obtain 
stereoscopic  high  resolution  soft  x-ray  images  of  a coronal  loop 
from  which  electron  temperature,  density  and  pressure  maps  can  be 
constructed  with  a spatial  resolution  of  20  km.  The  maps  would 


against  which  the  competing  mechanisms  of  loop  heating  can  be 
tasted. 

In  the  following  sections  we  will  briefly  review  the  structural 
differences  of  coronal  loops  that  might  be  expected  on  the  basis  of 
current  theoretical  Ideas  of  loop  heating,  review  the  capabilities 
provided  by  the  Solar  Probe  that  are  applicable  to  Imaging  experl~ 
ments,  and  finally  outline  a possible  instrument  and  Its  conse> 
quences  for  the  design  and  operation  of  the  Solar  Probe. 

2.  0 LOOP  HEATING  MODEIS 

High  resolution  soft  x-ray  Imaging  has  demonstrated  that  the  inner 
corona  is  a complex  structured  region  In  which  the  material  is  con- 
centrated in  loops  of  varying  height,  length,  temperature  and 
density  (Figure  1).  The  material  in  the  loops  is  at  coronal  tempera- 
tures (>2  X 10^  K).  The  observational  evidence  suggests  that  they 
undergo  continuous  heating.  Thus  the  classical  problem  of  aeating 
a homogeneous  corona  has  been  reduced  to  that  of  heating  Individual 
loops.  It  is  conceivable  that  the  different  classes  of  loops  are 
heated  by  different  mechanisms  but.  since  no  one  has  proven  obser- 
vationally  how  any  loops  are  heated,  we  would  postpone  discussion 
of  this  question.  The  loops  we  would  observe  are  those  which  occur 
near  the  centers  of  active  regions.  Present  observations  have 
sufficient  resolution  to  resolve  these  loops  but  they  are  unable  to 
unravel'the  structure  of  Individual  loops  or  to  specify  the  radial 
variation  of  the  crucial  plasma  parameters.  Measurement  of  the 
variation  in  the  direction  perpendicular  to  ^Jle  field  lines  is  particu- 
larly Important  for  in  this  direction  thermal  conduction  and  mass 
flow  are  inhibited,  allowing  different  regimes  to  be  maintained. 
Conversely,  along  the  field  lines  where  conduction  and  flow  are 
allowed  they  will  act  to  smooth  out  differences. 
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Figure  1.  A Soft  X-Ray  Photograph  of  Solar  Corona  Taken  on 
January  31,  1978  and  Showing  the  Predominance  of 
Lood  Structures* 


Many  models  of  coronal  heating  rely  on  wave  dtsstpatton  as  the 
mechanism  which  transfers  energy  from  the  convective  sons  to  the 
corona.  Others  rely  on  the  dissipation  of  magnetic  flux  generated 
by  subsurface  convective  motions.  A more  important  distinction, 
observattonaily,  exists  between  those  models  in  which  loops  are 
heated  In  shells  at  their  outer  surface  and  those  in  which  loops  are 
heated  in  individual  strands  more  or  less  uniformly  distributed  in 
radius  throughout  the  presently  resolvable  loop  bundle.  Of  the  many 
different  classes  of  loop  heating  mechatrlsms  we  have  chosen  two 
conflicttng  models  to  exemplify  the  disparities  In  our  understanding 
of  coronal  heaUng. 


The  two  possible  internal  structures  are  represented  schematically 
in  Figure  2.  The  first  is  based  on  the  model  of  lonson  (1978)  in 
which  heating  occurs  in  a narrow  sheath  surrounding  a much  cooler 
and  larger  core.  The  heating  is  a result  of  the  resonant  absorptton 
of  kinetic  Alfven  waves  wLich  are  generated  by  Alfvenic  surface 
waves.  Here  the  term  surface  refers  to  a non-uniformity  in  the 
Alfven  speed.  Ihe  sheath  in  which  die  irreversible  heating  takes 
place  is  only  a few  kilometers  thick  for  typical  coronal  plasma 
parameters.  However  it  is  separated  from  tbe  cool  core  by  a 
boundary  layer  which  is  approximately  100  km  thick  and  in  which 
the  temperature  gradients  are  large.  The  transverse  dimension  of  the 
sheath  and  boundary  layer  together  are  unlikely  to  exceed  the 
resolution  element  of  any  instrument  projected  for  use  in' Earth 
orbit;  however,  if  they  exist,  they  will  be  resolvable  from  the  Solar 
Probe.  One  would  anticipate  that  its  characteristic  signature 
would  appear  as  a difference  in  the  magnitude  of  the  apparent 
temperature  gradient,  resulting  from  a line  of  sight  average,  at  the 
physical  boundary  of  the  loop.  A schematic  diagram  of  what  we 
would  expect  to  see  for  a pure  surface  heating  medal  is  shown  in 
the  upper  right  hand  panel  of  Figure  2. 
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In  a contrasting  model  the  loop  Is  thought  to  consist  of  many  separate 
strands  representing  the  plasma  distribution  around  Individual  field 
lines.  The  strands  may  or  may  not  be  twisted  as  shown  In  the  bottom 
half  of  Figure  2*  The  temperature  distribution  along  each  strand  Is 
probably  Isothermal  owing  to  the  high  conductivity  along  the  field 
although  different  strands  may  be  at  different  temperatures.  In  a 
variant  of  this  model  proposed  by  Rosner  et  aL  (1978)  the  strands 
result  from  current  filamentatlon  and  the  heating  results  from 
anamalous  current  dissipation.  The  strands  might  be  located  In 
sheaths  concentric  with  the  loop  axis.  The  current  sheaths  are 
expected  to  be  quite  narrow  although  presumably  they  will  be 
surrounded  by  transition  layers.  If  this  mechanism  is  correct  the 
line  of  sight  temperature  distribution  across  the  loop  would  be 
unsymmetrical  and  would  vary  almost  randomly  at  high  enough 
resolution.  Also  In  this  case  it  should  be  possible  to  trace 
the  longitudinal  paths  of  the  Individual  strands  of  the  loop. 

In  this  very  brief  review  we  have  discussed  the  effect  on  the  Internal 
temperature  distributions  of  two  typical  models  of  loop  heating  which 
could  be  uniquely  distinguished  from  the  Solar  Probe  and  probably  by 
no  other  Instrument.  In  light  of  the  complete  absence  of  observations 
at  this  level  of  resolution  the  results  from  Solar  Probe  would  be  of 
major  importance.  By  establishing  limits  on  the  scale  size  of  plasma 
Inhomogeneitles.  on  the  presence  and  widths  of  heating  zones  and 
boundary  layers,  or  of  other  non-uniform  geometries  or  topologies 
the  Solar  Probe  would  provide  new  observational  constraints  for 
theoretical  models  together  with  an  Increased  Incentive  to  place 
the  models  on  a more  practical  basis. 


3.  0 HIGH  RESOLUTION  IMAGING  FROM  SOIAR  PROBE 

In  this  section  we  review  the  technical  benefits  and  constraints 
presented  by  the  Solar  Probe  mission  for  high  resolution  Imaging 
and  compare  and  contrast  them  with  the  expected  capabilities  of 
proposed  Earth-orbltlng  Instruments.  The  parameters  so  derived 
can  then  b->  used  as  a basis  for  specifying  the  unlgueness  of  the 
science  t!  can  be  performed  with  this  mlssloiu 

The  major  concerns  to  be  satisfied  In  the  design  of  any  space 
Imaging  experiment  are  to  produce  a match  between  the  resolution 
of  the  optics  and  the  detector  and  to  balance  this  against  the 
capability  of  the  transmission  system  to  record  the  data.  The 
present  generation  of  x-ray  Imaging  telescopes  have  limiting 
resolutions  on  the  order  of  one  arc  second.  This  angle  corresponds 
to  a linear  distance  on  the  sun  of  700  km»  when  viewed  from  Earth 
orbit.  The  optics  for  the  Soft  X-ray/XUV  Facility  telescope  which 
will  probably  be  developed  In  the  next  few  years  for  flight  on  the 
space  Shuttle  will  have  a design  goal  of  1 to  2 tenths  of  an  arc 
second  corresponding  to  70  to  140  km  on  the  sun.  The  fabrication 
of  such  an  Instrument  will  be  a major  undertaking.  It  Is  by  no 
means  certain  that  the  design  goal  can  be  met  or.  If  It  Is,  that 
the  pointing  stability  of  the  spacecraft  would  enable  Its  full  potential 
to  be  realized.  However  even  If  the  design  goal  Is  achieved,  the 
spatial  resolution  Is  still  likely  to  be  Insufficient  to  reveal  floe 
enough  detail  to  differentiate  between  the  various  models  of  Ictop 
heating.  On  the  other  hand  a present  day  mirror  with  1 arc  second 
resolution  would  have  an  "effective”  resolution  of  2/lOOb  of  an 
arc  second  and  would  be  able  to  resolve  14  km  on  the  sun  if  It 
was  operated  at  4 R^,  the  perihelion  distance  of  the  Solar  Probe, 

This  is  a factor  of  5 better  than  the  most  optimistic  estimate  for 
resolution  from  Earth  orbit  and  the  scale  Is  r.ow  at  a level  where 
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mode. 

To  achieve  this  goal  in  a practical  system  it  is  necessary  to  match 
the  resolution  of  the  optics  with  that  of  the  detector  which  we  assume 
will  be  an  improved  back>illuminated  CCD.  CCD's  are  projected 
to  be  available  soon  in  800  x 800  arrays  of  15  micron  elements. 
Coupled  with  a telescope  of  2m  focal  length  this  results  in  a pixel 
size  of  21  km  at  closest  approach  and  a corresponding  field  of 
view  of  23  x 23  arc  seconds  as  seen  from  Earth  orbit.  This  appears 
to  be  a reasonable  compromise.  Reducing  the  pixel  size  any  further 
would  increase  the  information  content  of  each  image  to  a level 
which  would  severely  impact  the  transmission  capability  of  the 
spacecraft.  Thus,  an  800  x 800  array  contains  6.  4 x 10^  pixels, 
if  each  pixel  requires  8 bits  for  intensity  identification,  a single 
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image  contains  ~5  X 10  bits.  With  the  proposed  data  transmission 
rate  of  5x10^' bits/ sec.  for  the  imaging  experiment,  a single  image 
would  take  almost  3 hours  to  transmit  and  two  Images  would  fill  the 
proposed  bubble  memory.  However  since  close  to  a factor  of  2 reduc- 
tion canbe  gained  using  reasonable  data  compression  schemes,  a pro- 
gram in  which  6 images  are  recorded  during  the  perihelion  passage  is 
possible  with  present  technology.  These  Images  would  be  sufficient 
to  allow  stereoscopic  reconstruction  of  the  target  loop  and  to  map  the 
plasma  parameters. 

The  alternative  approach  to  improving  the  resolution.  Increasing  the 
image  size  by  increasing  the  effective  focal  length  of  the  telescope, 
would  result  in  a corresponding  decrease  in  the  field  of  view.  This 
would  make  it  increasingly  difficult  to  locate  a suitable  target.  In 
Figure  3 we  show  a different  exposure  of  the  sun.  taken  shortly  after 
^ Figure  1.  which  enhances  the  active  region  loops.  Two  possible  taraets 
are  identified.  The  23  x 23  arc  second  field  of  view  is  sufficient 
to  contain  a single  loop.  But.  obviously,  any  further  reduction  in 


Figure  3.  The  Locatton  of  a loop  within  the  Proposed  Field  of 
View  of  the  Imaging  Experiment  The  Smaller  Box 
has  Sides  of  23  arc  seconds. 
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the  field  of  view  would  severely  reduce  the  probebUlty  of  locating 
a suitablb  target.  This  Image  (Figure  3).  and  our  previous  expari-  . 
once,  indicate  that  several  suitable  targets  will  be  available  pro- 
vided encounter  does  not  occur  at  sunspot  minimum.  The  loops  we 
have  selected  are  associated  with  bright  x-ray  features.  This  is 
done  deliberately  as  we  believe  that  the  fine  pointing  of  the  space- 
craft would  have  to  be  done  on-board  by  a servo  system  driven  from 

the  Imaging  display.  Small  bright  features  vrill  be  easier  to  lock- 
on  to. 


Thus  our  preliminary  analysis  indicates  that  it  is  feasible  to 
obtain  the  6 Images  which  would  be  necessary  to  analyze  the 
three-dimensional  structure  of  a coronal  loop.  Pairs  of  observa- 
tions would  be  taken  at  three  points  in  the  orbit,  including  peri- 
helion, with  a spatial  resolution  of  close  to  20  km.  This  level  of 

resolution  is  sufficient  to  meet  the  scientific  objecUves  described 
earlier. 


4.  0 INSTRUMENTATION  AND  OPERATIONS 

The  two  techniques  which  have  been  applied  to  soft  x-ray  imaging 
are  the  coded  mask  or  multiple  pin-hole  camera  and  the  grazing 
incidence  telescope.  Because  the  major  objective  of  the  Solar 
Probe  Instrument  will  be  to  obtain  the  highest  resolution  images 
possible,  we  suggest  that  the  superficially  simpler  coded  mask  is 
loss  suitable  than  a grazing  Incidence  telescope,  as  the  latter  instru- 
ment is  capable  of  much  higher  intrinsic  resolution.  A further  dis- 
advantage of  the  coded  mask  is  that  the  image  is  contaminated  by 
side  lobes  which  have  to  be  removed  during  ground  processing. 
However  their  removal  requires  that  two  pictures  with  complementary 
coded  masks  be  taken,  thus  doubling  the  number  of  data  bits  to  be 
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ana  iransmmed.  As  we  showed  In  Section  3.  0 such  a 
doubling  could  sovoroly  compromise  the  usefulness  of  the  experi- 
ment by  placing  severe  demands  on  the  spacecraft  telemetry  system. 

The  instrument  package  we  suggest  would  consist  of  a grazing 
incidence  mirror,  a thermal  pre-filter,  a three  position  filter  wheel 
and  a focal  plane  detector  baselined  as  an  800  x 800  back-illuminated 
CCD.  The  structural  assembly  together  with  the  data  processing  and 
control  electronics  would  draw  heavily  on  the  designs  being  developed 

for  the  Solar  Polar  Mission.  A layout  of  the  instrument  is  shown  in 
Figure  4. 

Two  major  constraints  that  the  experiment  design  will  Impose  upon 
the  sT^acecraft  are: 

1.  That  the  mirror  must  look  directly  at  the  sun  through  the  heat 
shield,  and 

2.  that  the  small  field  of  view  requires  that  the  instrument  be 
pointed  precisely  (~  1 - 2 arc  second)  and  that  the  location  of 
the  pointing  axis  on  the  solar  feature  be  maintained  throughout 
the  encounter  so  that  stereoscopic  images  of  a single  target 
can  be  obtained. 


The  first  constraint  results  from  the  fact  that,  unlike  visible  optics, 
a 45°  mirror  cannot  be  used  to  reflect  the  x-rays  into  the  experiment 
bay  from  outside  the  heat  shield.  Although  it  might  be  possible  to 
use  either  Bragg  reflectors  or  a sector  of  a grazing  incidence  optic 
mounted  outside  the  heat  shield  but  whose  focal  point  falls  within 
the  shadow  of  the  shield,  we  have  at  this  stage  taken  the  direct 
approach  of  assuming  that  the  instrument  will  look  out  through  the 
heat  shields.  Although  this  approach  may  appear  to  be  the  most 
radical,  we  believe  that  the  constraints  it  places  on  the  spacecraft 
are  not  unreasonable.  If  the  primary  heat  shield  is  composed  of 
molybdenum  It  will  not  transmit  soft  x-rays  and  it  will  be  necessary 
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Figure  4.  A Preliminary  Layout  of  a Soft  X-Ray  Grazing  Incidence 
Telescope  for  the  Solar  Probe.  The  Upper  Section 
shows  the  Heat  Shield  and  Pre-Collimator  and  the 
Lower  Section  the  Telescope. 
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energy  passing  through  this  aperture,  we  suggest  that  It  be  provided 

with  both  a door  and  a pre-colllmator.  If  the  pro-collimator  Is 

designed  to  limit  the  flold  of  view  to  1*^,  at  4 only  one  thousandth 

of  the  solar  surface  would  be  viewed*  Since  the  solar  energy  flux  Is 

proportional  to  the  inverse  distance  squared  its  total  magnitude  will 

be  3000  times  greater  at  4 R thanatlAU,  However  the  effect  of  limiting 

o 

the  field  of  view  will  be  to  reduce  the  energy  entering  the  instrument 
to  only  3 times  the  value  In  Earth  orbit.  Although  the  calculation  Is 
over  simplified,  for  Instance  It  neglects  the  direct  radiation  from  the 
pre-collimator  which  will  be  at  the  temperature  of  the  primary  shield, 
it  does  show  that  the  perhaps  alarming  suggestion  of  providing  an 
open  aperture  in  the  shield  is  not  totally  unrealistic. 

Infra-red  and  visible  radiation  would  be  prevented  from  reaching 
the  interior  of  the  experiment  package  by  aluminum  pre-filters, 
mounted  either  on  the  front  or  back  of  the  secondary  heat  shield, 
depending  on  the  expected  internal  temperature  distribution. 

During  the  twelve  hour  period  centered  on  perihelion,  where  the 
thermal  loads  are  greatest,  the  instrument  will  record  only  6 images 
with  a total  exposure  time  of  no  more  than  1 - 2 minutes.  Therefore 
the  aperture  in  the  primary  heat  shield  could  be  fitted  with  a door 
to  minimize  the  energy  entering  the  instrument.  Although  the  design 
of  the  door  mechanism  will  present  an  interesting  challenge,  because 
of  the  high  temperature  at  which  it  will  be  required  to  operate,  it 
is  within  the  state  of  the  art. 

The  second  constraint  concerns  the  pointing  of  the  instrument. 
Controlled  pointing  will  be  required  because  the  number  of  suitable 
targets  will  be  small  and  they  will  probably  occupy  less  than  1% 
of  the  area  of  the  solar  disk.  The  pointing  axis  of  the  instrument 
will  have  to  follow  the  target  as  the  spacecraft  orbits  the  sun  from 

North  to  South.  As  it  is  unlikely  that  the  sub-satellite  point  will 
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cen  look  at  a target  within  a band  o(  solar  longitudes + 20  degrees  wide. 

J.t  must  also  be  able  to  offset  in  an  orthogonal  direction  in  order  to  main*' 
tain  the  target  with  the  field  of  view  during  the  12  hour  encounter 
period.  Both  these  requirements  translate  into  orthogonal  motions 
of  less  than  + 10  degrees  about  the  satellite^sun  center  line. 

Although  this  requirement  does  not  appear  unreasonable!  the  sizing 
of  the  heat  shield,  during  the  spacecraft  design,  should  take  these 
maneuvers  into  account. 

Finally  our  decision  to  observe  a loop  was  based  in  part  on  the  fact 
that  they  are  relatively  long  lived  features.  This  would  allo'V  target 
selection  to  be  made  from  Earth  orbit  24  - 36  hours  prior  to  encounter. 
The  spacecraft  orientation  could  be  calculated  and  transmitted  to  the. 
Probe  prior  to  the  close  encounter  phase.  However  this  requirement . 
makes  it  imperative  that  the  trajectory  of  the  Probe  is  to  the  west 
of  tile  sun.  as  seen  from  the  Earth,  so  that  the  targets  can  be 
observed  and  studied  prior  to  encounter. 

5. 0 CONCLUSIONS 

The  Solar  Probe  Missiop  will  provide  a unique  opportunity  to  obtain 
high  resolution  soft  x-^ray  images  of  the  solar  corona.  The  level  of 
detail  in  the  images  is  likely  to  be  an  order  of  magnitude  finer  than 
can  be  expected  from  other  space  observatories  before  the  end  of 
the  present  century.  The  disadvantage  of  the  mission  is  -that,  as 
a fly-bx  the  number  of  high  resolution  Images  that  can  be  (Stained, 
and  the  area  of  the  solar  corona  that  they  will  cover,  is  smalL 
Therefore  we  have  defined  a single  objective,  the  determination  of 
the  temperature  and  density  structure  of  a coronal  loop  from  stereo- 
scopic x-ray  imagers.  The  observations  would,  for  the  first  time, 
be  sufficiently  detailed  to  distinguish  between  tiie  competing 
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has  boan  one  of  the  central  problems  of  solar  physics  for  the  last 
thirty  years  observations  loading  to  its  solution  would  be  extremely 
worthwhile  and  would  more  than  justify  the  inclusion  of  x-ray  imaging 
experiments  on  the  mission. 

We  believe  that  the  images  should  be  obtained  by  using  a grazing 
incidence  telescope.  We  have  analyzed  the  requirements  that  this 
would  place  on  the  spacecraft  and  have  found  them  to  be  not  un- 
reasonable. However  they  are  fairly  stringent  and  should  be  kept 
in  mind  by  the  designers  in  the  development  of  the  spacecraft. 


REFERENCES 


Ionson»  J.  A. , Resonant  Absorption  of  Alfvenic 
Heating  of  Solar  Coronal  Loops* 

November  1978. 


Surface  Waves  and  the 
Jit  (to  be  published)* 


Rosner*  R.  * L,  Golub*  B.  Coppi  and  G.  S.  Vaiana,  Heating  of  Coronal 
Plasma  by  Anamalous  Current  Dissipation.  Astroohvs.  T.  ftn  Ha 
published),  1978. 


N78-32975 


Besolution  £texeoecoplc  X-Ray  Imaging  of 
Coronal  Features  during  a Solar  Probe  Flyty 


Daytcm  W.  patlowe 

Lockheed  Missiles  & ^;>aoer  Inc. 
3251  Hanpver  Street 
Palo  AltOr  California  94304 


The  possible  role  of  a Solar  Probe  mission  in  answering  fundamental 
questions  about  the  structure  and  heating  of  coronal  loops  is  examined. 
The  experimmital  tedmique  consists  of  imaging  1-10  keV  X-rays  to  give 
accurate  temperature  profiles  of  hot  active  regions  and  post-flare  loops. 
A limitation  on  the  interpretation  of  such  pictures  is  that  stereosoopic 
reconstruction  of  the  3-dimensional  arches  requires  many  lines  of  sight. 
This  kind  of  information  can  be  provided  only  by  a re^id  solar  fl:^.  Ih 
addition,  the  proodmity  to  the  sun  will  provide  useful  spatial  resolution 
with  compact  instnmmitation.  The  pictures  thus  obtained  will  provide 
crucial  tests  of  theoretical  models  of  oorcsial  arches. 


Recent  studies  of  the  c^^nandcs  of  the  solar  oosrona  have 
the  Isportance  of  loops  in  active  region  and  flares.  In  flares,  all  of 
the  high  taiperature  plaana,  all  of  the  short  wavelength  thermal  X-ray 
emission,  and  perti£^  all  of  the  energy  release  occur  in  loop  structures. 

J(ylab  soft  X-r^  images  have  shown  clearly  the  X-ray  emitting  ardtes 
vhich  are  at  the  center  of  active  regions.  Thus  the  physics  of  arch  structures 
is  vital  to  an  understanding  of  the  solar  coronal  d^nonics. 

Although  the  morphology  of  coronal  arches  is  well  defined,  at  least 
in  general  outline,  the  tenperature  structure  of  these  arches  is  not  at  all 
well  known.  Ihe  principal  problem  is  that  earth-bound  measurements  have  a 
line  of  sight  ^ch  include  gases  at  many  tenperatures.  Since  the  X-r^  emission 

trm  <u»tes  is  optioaUy  thin,  the  oonttlbutltns  ftoo  a wide  renge  ot  

nust  be  unfolded.  Several  lines-of-sight  are  reguixed  to  find 
tenperature  distribution.  In  addition,  observations  nade  in  only  ons  pro- 
jection leave  an  ambiguity  about  the  inclination  of  the  arch  bo  the  line 
of  sight  and  to  the  Sun. 

Active  regions  and  post-flare  locpe  have  Ufetinsa  from  hours  bo  days. 
Significant  evolution  during  the  tine  scale  of  the  Solar  Probe  flyby  is 
not  eaqpectedn  during  impulsive  flares.  Thus  the  solar  probe  is  a 

unique  opportunity  to  image  X-ray  arches  from  many  perspectives*  this 


regard  tiie  Solar  prcbe  ia  b^.cer  idian  aijailtanaoua  obearvations  fay  a few 
widely  eeparated  interplanetary  pcobee. 

The  X-ray  energy  range  beet  suited  to  toqperature  neaeuranents  of 
ooronal  plaana  is  1 to  10  keV.  Since  the  pbotcn  energy  is  greater  than  the 
mean  thecioal  energy  of  the  plasma,  a amall  denge  in  tenpocature  makes  a 
large  change  in  the  X-rzy  flux.  Ihis  wavelength  range  is  about  one  order  of 
magnitude  higher  in  energy  than  the  Sl^iab  broadband  X-n^  images,  vhich  were 
weakly  sensitive  to  temperature  variations  in  hot  3-20  x 10^  K plaanas.  Ihe 

long  wavelengths  are  much  better  suited  to  morphological,  studies  than  to  tempera- 
ture profiling. 

X-ray  measuremaits  in  tiie  1-10  keV  range  can  also  be  used  to  stu^ 
flares  in  conjunction  with  a hard  X-ray  imaging  esqperiment.  'Xhese  measure 
ments  will  define  the  location  and  role  of  the  energetic  hard  x-ray  eonitting 
electrons  in  making  the  10-20  x 10^  K flare  plaanoa.  fhis  can  be  a crucial 
test  of  flare  models.  However,  because  of  the  large  amount  of  information 
in  an  X-ray  image  and  limited  telemetry,  special  modes  would  be  required  to 
follow  phenomena  vhich  change  as  rapidly  as  inpulsive  flares.  Inpulsive  hard 
X-ray  bursts  are  produced  by  subflares  and  have  been  observed  at  earth 
to  oocmr  at  the  rate  of  about  onoe  per  day.  vathout  acoomting  for  the 
increase  in  sensitivity  produced  by  the  Solar  Probe's  proximity  to  the  Sun, 
there  is  a 50%  chance  of  observing  a hard  X-rey  burst  during  flyby.  Since 
flares  occur  in  the  eame  active  regions  vAiidi  are  the  targets  of  ooranal 
arch  studies,  there  is  a good  probabili^  that  vhen  a hard  X-ray  burst  occurs, 
it  will  be  in  the  field  of  view. 


In  sumoaryr  pictures  of  tiie  solar  corona  taken  in  the  1~10  keV  energy 
range  will  see  the  hot  plaana  in  ardMS»  and  the  large  muter  of  perspectives 
\4hlch  a solar  probe  flying  will  provide  can  be  used  to  unfold  their 
tenperature  structure  uniquely. 

The  theoretioal  stud^  of  ardi  structures  indicates  that 

the  loops  should  be  hot  at  tiia  top  and  oonductively  traraport  energy  to 

cooler  transition  zone  layers*  For  a static  axdti  to  be  stable^  it  oust  be 

hottest  at  ^ top  • Thus  there  is  good  timoretioal  justification  for 

eaqpeoting  tenperature  gradients  along  the  loop  lengidt*  HoweveTf  Skylab 

oteervations  in  nDnoduconiatie  lines  (assunsd  to  be  fooned  at  the  single 

tenpmmture  of  maxliiua  enissivi^)  show  epproodinately  constant  loop  cross- 

sections  at  a given  tatiperature*  The  best  estimate  for  tie  tenperature 

structure  shows  tiet  tie  principal  tenperature  gradient  is  radially 

across  tie  loop  magnetic  field,  being  coolest  «tt  tie  center.  The  gradient 

along  a particular  magnetic  field  line  is  very  small.  Such  tenperature 

(8  9) 

profiles  have  led  to  tie  invocation  of  esoteric  plasma  processes  * 
to  salvage  static  arch  structures.  Clearly  there  is  a dlchotony  between  the 
most  ccnplete  models  and  the  best  available  data  on  the  structure  of  coronal 
arches.  resolution  3-dimensional  tenperature  profiles  will  go  a Iceg 

way  toward  achieving  a good  understanding  of  the  physics  of  these  structures. 

m the  enwegy  range  1-10  keV,  hot  arch  structures  ate  eoqpected  to  give 
a bright  inmge  on  a dark  background.  The  relatively  diffuse  structures  aesn 
in  the  longest  Skylab  soft  X-ray  images  will  not  be  detectable;  the  images 
should  look  neve  like  the  tiiortest  X-ray  telescope  e>q)Osuies.  However,  the 
relatively  few  regions  which  have  hot  plasma  will  be  intense  emitters. 


c»  be 

,p,rtu.e..  Tbe.el»loe  of.en  aperture  Ijwolvei  a tt«S^ 

md  awattivity.  m tha  pteaant  oaae  apertarea  o*  JO-MO  « 

(,0J  - .1  aaO  *itU  ba  aoffleient.  Altheotf>  aueh  aperturea  are  nagUgibla 
in  Slae  ooiparad  to  the  S^lab  X-ray  taleacopaa,  they  are  aOatpiate  baoauae 

1)  picto-eleetrlc  detection  ia  more  eifideiit  than  filia  and 

2)  on^  atrueturea  «hKd>  are  very  bright  by  Swlab  atandarda  are  to  be 
Studied. 

x-ray.  in  the  energy  range  l-M  lca»  cannot  be  fcouaaed.  Hie  aliieMat 

iiMglng  davioa  ia  a pinhole  amma.  Since  «»  required  collecting 
nea  is  so  anaU>  aoedi  a device  can  give  useful  angular  resolution  in  an 
a«[>erin»t  of  practioal  site.  Of  oourao,  thex-raya  cannot  bo  refiacted 
with  a nirror,  so  that  tha  pinhole  Boat  be  placed  in  thaftonthaat  ahinld 

of  the  apacecraft.  However,  the  heat  leak  thus  created  should  be -aU 

to  the  intensily  reflected  onto  the  experlnent  pedcage  by  « 

evtamal  adnor.  wth  afproprUte  ooUlaation  the  heat  l«d<age  th^ 

the  second  and  liiizd  shields  can  be  kept  lew. 

The  -T-’"-  resolution  of  a pinhole  x-ray  amm  aould  be  !•  to  IS*, 
on  the  photoelectric  detector  type  used.  Xanmlng  OS's,  «iia 
give  a pixel  siae  of  500  km  on  the  Sm  at  10  RQand  200  km  at  clceeat 
eppeoach.  While  this  resolution  is  very  modest  oenpared  to  ^t  focussing 
oould  adiieve  at  longer  wavelengths,  it  should  be  aore  than 
to  detenalne  the  tanperature  gradienta  In  ardiea  vfclch  are  10* 

km  long. 
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Detenoining  the  ten^perature  at  each  point  in  the  picbjre  means  that 
every  pijtel  is  a pulse-hei^t  distribuUon.  For  a 256  x 256  array  with  6 
pulse-height  levels,  this  is  a very  large  raitber  of  bits.  However,  there  is 
a large  amount  of  redundant  information  idii^  can  easily  be  ngurrrrii  out 
before  trananission.  Since  we  are  looking  ab  a bri^it  image  on  a daric 
background,  only  about  10%  of  the  image  will  be  tnl^ter  than  threshold. 

Also  since  the  lowest  energy  jAiotons  are  much  more  probable,  the  anount  of 
pulse— hei^it  information  per  pixel  is  less  than  six  bits.  ®ie  amount  of 
non-redundant  information  is  about  3 x 10®  bits/picture,  which  would  take 
30  minutes  to  read  out  at  200  bits/sec.  For  the  coronal  structures 
are  the  objectives  of  this  eaqierimait,  one  picture  every  half  hour  is 
sufficient,  thus  during  the  fl^  abcmt  two  dozen  pictures  %«ould  be  obtained. 
Maiy  more  synoptic,  low  resolution  pictures  could  be  obtained  during  the 
approach  phase. 

In  conclusion,  the  Solar  Probe  will  provide  an  opportunity  to  make  a 
fundamental  contribution  to  our  understanding  of  the  structure  of  coronal 
loops.  Sinro  a proper  tinfolding  of  the  tenperature  profile  requires  many 
lines  of  si^t,  the  measurements  can  only  be  made  fron  a r^pid  fl^ay. 

The  closeness  of  the  approach  makes  high  linear  resolution  measuraients 
feasible  with  very  sinple  X-ray  instnioent,  a pinhole  camera.  With  such 
a mission  we  would  for  the  first  time  be  able  to  construct  accurate  tenpera- 
ture  profiles  of  hot  coronal  loops,  and  thus  provicte  significant  inptit  to  tiie 
theoretical  understanding  of  how  the  solar  corona  is  heated. 
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THE  ANALYSIS  OP  HIGH  SPATIAL  RESOLUTION  UV  AND  X-PAY  IMAGES 
BY  COMPUTATIONAL  MODELING 

J.  P.  Vesecky,  S.  K,  Antlochos  and  J.  H.  Underwood 
Stanford  Unlveralty,  Stanford,  CA  94305 

ABSTRACT 

High-temperature  loop  atructures  observed  at  UV  and  X-ray  wavelengths 
are  the  dominant  features  In  the  solar  corona  above  solar  active  regions. 

The  Solar  Probe  Mission  offers  the  possibility  of  obtaining  very  high 
resolution  (''*20  km)  Images  of  these  structures  Including  steroscoplc  views. 
This  possibility  raises  the  question  of  how  to  exploit  this  very  detailed 
li;ifotmatlon  in  terms  of  better  understanding  of  physical  processes  in  the 
corona.  After  describing  an  existing  computational  model  and  dlspUying 
some  saaqple  results,  we  suggest  that  detailed  computational  modeling  of 
coronal  structures  can  Indeed  take  advantage  of  very  high  resolution  images. 
The  sample  results  Include  the  run  of  temperature  T and  number  density  n 
along  a typical  loop  and  the  variation  of  the  differential  emission  measure 
C with  T.  Noting  that  the  Integration  of  C(T)  along  a column  commensurate 
with  an  Instrument's  spatial  resolution  Is  the  relevant  parameter  obtained 
from  UV  and  X-ray  observations,  we  show  the  effects  of  loop  geometry  and 
energy  Input  on  C(T). 


I.  INTRODUCTION 


The  Soler  Probe  mlselon  offers  the  possibility  of  obtaining  very 
high  spatial  resolution  UV  and  X-ray  Images  of  coronal  structures. 
8kyUb/A1M  OV  and  X-ray  images  resolved  coronal  structures  on  a scale  of 
1500  km  from  Earth  orbit.  The  same  imaging  optics  carried  on  Solar 
Probe  could  resolve  coronal  structures  to  20  km.  The  Solar  Probe 
also  offers  the  advantage  of  viewing  the  same  object  from  a variety  of 
aspects  In  a short  period  of  time  thus  obtaining  three-dimensional 
(stereoscopic)  Information  on  quasl-statlc  coronal  structures.  Can  we 
take  advantage  of  such  observations  In  terms  of  better  understanding 
the  physical  conditions  and  processes  in  coronal  structures?  This 
paper  suggests  an  affirmative  answer  to  the  question  by  briefly  describing 
a new  computational  model  of  coronal  loop  structures.  This  model  Is 
based  on  current  understanding  of  the  physics  of  these  structures  and 
reveals  structural  details  on  spatial  scales  below  the  resolution  of 
Skylab/ATM  UV  and  X-ray  images.  The  model  described  here  is,  of  course, 
only  a forerunner  of  more  sophisticated  models  which  will  presumably  be 
created  to  Interpret  future,  higher  resolution  coronal  Imaging  experiments. 
Such  ex^>erlments  could  be  carried  out  from  Earth  orbit  with  Urge  aperture 
optics  as  well  as  from  near  the  Sun  as  with  Solar  Probe. 

Much  of  the  pUsma  In  closed-field  regions  of  the  solar  corona  Is 
confUed  to  more-or-less  discrete  loops  or  arch-llke  structures  with 
enhanced  pUsma  density  which  are  brightest  and  most  striking  over  active 
regions.  Por  a Urge  part  of  their  lifetimes  these  loops  are  to  a 
quasl-statlc  state  with  little  change  to  structure  or  brightness  (e.g., 
see  Rosner,  Tucker  and  VarUna,  1978),  which  implies  that  no  mass  flow  Is 
assocUted  with  the  loop,  since  the  lifetimes  of  loops  are  frequently 
greater  than  typical  time  scales  for  radiative  or  conductive  energy  losses. 
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a contlnuoue  energy  input  must  be  assumed.  Hence  we  are  led  to  a 
steady  state  model  In  which  the  energy  deposited  vov  mechanical  waves 
or  other  means)  in  each  elemental  volume  is  balanced  by  radiative  losses 
from  the  element  or  conductive  transport  of  energy  into  or  out  of  the 
element.  Because  conductive  transport  is  reveroly  inhibited  across 
magnetic  field  lines,  we  consider  only  conduction  along  magnetic  field 
lines,  l.e.,  along  the  loop.  The.  particular  form  of  the  magnetic  field 
used  for  calculations  thus  far  Is  a line  dipole.  Although  other  forms 
such  as  a point  dipole  could  easily  be  Implemented,  the  line  dipole  is 
consistent  with  the  geometry  of  many  observed  loop  structures  such  as 
arcades  of  loops. 

It  should  be  ronembered  that  the  steady  state  discussed  here  does  not 
last  forever  and  that  the  stage  in  loop  evolution  described  by  quasi-static 
models  must  be  proceeded  and  followed  by  out-of-equlllbrium,  transient 
states  during  which  material  flows  along  magnetic  field  lines.  In  or  out 
of  the  loop.  Pye  et  al.  (1978)  present  an  interesting  qualitative  model 
for  the  transient  states. 

Rosner,  Tucker  and  Viana  (1978)  and  Craig,  McClymont  and  Underwood 
(1978)  have  Independently  Investigated  quasi-static  loop  models  using  an 
analytic  approach.  Our  treabaent  differs  from  these  principally  in  that 
It  Is  computational  and  can  therefore  include  several  effects  which  were 
neglected  in  the  analytic  treatments  in  order  to  make  the  equations 
mathematically  tractable.  These  effects  include  variation  of  the  loop 
cross  sectional  area,  energy  deposition  along  the  loop,  a more  realistic 
radiative  loss  function,  and  solar  gravity.  A computational  model  allows 
detailed  comparisons  bet%ieen  model  loops  and  observed  loops  on  spatial 
scales  well  below  the  ^ 1500  km  resolution  of  Skylab/AIM  OV  and  X-ray 
images. 
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This  and  future  model*  will  allow  Interpretation  of  coronal  laagea 
and  other  *olar  data  In  terma  of  auch  queatlon*  aat  What  la  the  form 
of  the  energy  Input  along  a loop?  How  doea  the  energy  Input  vary  with 
magnetic  field  *trength»  tanperature,  denalty,  etc.  and  with  what  heating 
mechanlama  are  theae  variations  conelstent?  Is  the  X-ray  end  UV 
emission  from  an  active  region  well  described  by  a model  consisting  of 
an  ensemble  of  loops?  Does  the  energy  Input  vary  significantly  from 
loop  to  loop  within  an  active  region?  Can  we  explain  bright  knots  or 
other  anomalous  emission  along  a loop  simply  by  variations  In  energy 
deposition  and,  If  so,  what  deposition  mechanisms  are  consistent  with 
the  plasma  parameters  Indicated  by  the  model.  Are  twisted  flux  ropes 
necessary  In  modelling  a coronal  loop?  High  resolution  images  of  coronal 
structures,  such  as  could  be  obtained  fron  a Solar  Probe  mission,  coupled 
with  detailed  interpretation  techniques,  such  as  described  here,  could 
provide  answers  to  these  questions.  Such  answers  have  ia^llcatlons 
regarding  the  physics  of  the  convection  cone  via  the  distribution  of  magnetic 
fields  and  mechanical  energy  emerging  from  It. 

II.  A COMPUTATIONAL  MODEL  FOR  QUASI-STATIC  CORONAL  LOOPS 

Loop  Geometry:  Our  quasl-statlc  model  Is  a loop  of  high  temperature 

plasma,  much  denser  than  the  surrounding  corona,  confined  to  a magnetic 
flux  tube.  The  flux  tube  geometry  (see  Fig.  1)  is  that  of  a line  dipole 
magnetic  field  with  its  origin  at  a depth  d below  the  base  of  the  loop, 
e.g.,  the  T ■ 30,000  K level  In  the  solar  atmosphere.  The  plane  of  the 
field  line  is  assumed  to  be  vertical  with  the  apex  of  the  loop  a distance 
h vertically  above  the  dipole  origin.  Line  dipole  field  lines  are  circles 
and  the  parameters  d and  h completely  determine  the  field  configuration. 

A generalised  coordinate  s specifies  the  distance  up  the  field  line  from 
the  origin.  The  area  factor  r,  defined  as  the  area  at  the  apex  of  the 
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VERTICAL 


Fig.  1.  Schematic  diagram  of  line  dipole  magnetic  field  geometry. 

The  coordinate  s runs  along  the  magnetic  field  line  beginning 
at  the  origin,  located  at  a depth  d below  the  T= 30,000 K 
level  in  the  solar  atmosphere.  The  base  of  the  loop  is  at  s = Sl 
and  the  apex  at  s = s . A(s)  is  the  cross-sectional  area  of 
the  loop  at  point  s 


loop  divided  by  the  eree  A^^  et  the  heee  level » which  ie  selected 
to  be  aome  distance  a • a^  up  the  loop,  la  given  by 

* • r - h/d,  (1) 

the  loop  length  by 

L - 2h  coa’^Cr"^^*)  (2) 

Governing  Equetiona:  The  eqnetiona  governing  the  pleane  loop  ere 
the  nonuBtviD  and  energy  equations  for  a single  fluid  plaana  (c.f.,  Boyd 
and  Sanderson,  1969).  The  momentum  equation  describes  the  hydroatatic 
aqullibrium  along  the  loop  where  pressure  gradient  forces  balance  solar 
gravity: 


VP  - P8  • dr  (3) 

8 

where  p Is  pressure,  ‘T  solar  gravitational  acceleration  and  p the  mass 
density.  The  energy  equation  describes  the  energy  balance  discussed 
above  where  the  energy  input  per  unit  volume  e is  balanced  by  conduction 
and  radiation: 


I J,(A  . 


ds'  " “ *^rad' 
5/2 


(A) 


whore  A(s)  is  loop  cross  sectional  area,  aT^'^  is  the  thermal  conductivity 
coefficient  along  the  magnetic  field  line,  n is  the  plasma  number  density 
and  5s  the  radiative  loss  function  (approximated  by  power  laws  over 

eight  temperature  ranges).  The  derivatives  are  ordinary  rather  than  partial 
since  there  are  no  time  variations  and  all  spatial  variations  are  along  s. 

Boundary  Conditions:  If  we  assume  the  loop  to  be  symmetrical  about 

the  apex,  then  the  temperature  gradient  at  the  apex  must  vanish  to  prevent 
conduction  from  one  half  to  the  other.  The  flexibility  of  a numerical 
model  also  allows  one  to  conblder  non-symmetrical  cases.  At  the  loop  baise 
we  assume  that  there  Is  no  conductive  flux  (dT/ds  ■ 0)  Into  the  chromosphere 
at  the  T ■ 30,000  K level.  If  there  were  significant  conductive  flux  into  the 
chromosphere,  evaporation  of  plasma  into  the  loop  would  alter  the  assumed 
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steady  state.  Here  again  the  numerical  model  allows  one  to  assess  the 
effect  of  conduction  Into  the  chromosphere  so  far  as  a steady  state  Is 
concerned  simply  by  changing  that  boundary  condition. 

Computational  Method:  To  compute  solutions  for  our  loop  model  we 

consider  an  Initial  value  problem  governed  by  the  momentum  and  energy 
equations  (3  & 4)  and  sublect  to  the  above  boundary  conditions  at  the 
base  of  the  loop  (s  ■ s^^)  and  a desired  condition  at  the  apex  (s  « s^) . 

A shooting  technique  Is  then  employed  to  adjust  the  plasma  number  density 
at  the  base  n(s  ■ s^)  such  that  the  temperature  gradient  vanishes  at  the 
apex  of  the  loop.  The  numerical  Integration  of  the  governing  equations 
Is  accomplished  by  reformulating  eqs  (3)  and  (4)  as  three  first  order* 
ordinary  differential  equations  and  numerically  Integrating  them  upward 
along  the  loop  using  a computer  code  devised  by  Shampine  and  Gordon  (1975). 
Details  are  given  by  Vesectqr*  Antlochos  and  Underwood  (1978) . 

The  code  Is  arranged  so  that  any  of  the  quantities  In  the  governing 

I 

equations  (or  functions  of  them)  can  be  output  at  a prescribed  set  of 
locations  along  the  loop.  A typical  set  of  output  parameters  at  each 
location  along  the  loop  Includes  fractional  distance  along  the  loop* 

T*  dT/ds*  n*  conductive  flux  F*  conductive  flux  density*  cmilsslon  measure 
C[T(s)l  and  power  radiated  per  unit  voltime.  The  differential  emission 
measure  C(T)  Is  computed  according  to  the  definition  of  Craig  and  Brown 
(1976).  For  present  purposes  this  definition  yields: 

C[T(s)l  - A(s)[n(s) 1^/1 dT/ds I . (5) 

IV.  SAMPLE  RESULTS  FROM  THE  COMPUTATIONAL  MODEL 

In  this  section  we  display  a few  sample  results  from  the  computational 
model  described  above.  In  Figs.  2 and  3 we  consider  a loop  of  length 

9 

L « 9.4  x 10  cm  and  an  area  factor  F = 6.7.  From  eqs.  (1)  and  (2)  we  see 
that  such  a loop  requires  a line  dipole  field  line  of  height  h « 4 x lO^cm  and 
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dttpth  d of  tho  dipole  origin  6 x 10*  cn  below  the  chronoepherlc  30«000  K 
level.  Such  e loop  hee  en  ovoT:all  dleneter  of  about  50  arc  aaconda. 

For  an  apex  area  ■ 10^*  en**  the  croee-aection  of  the  loop  at  Ita 
apjx  ia  about  8 arc  seconds.  These  dinensions  are  typical  of  loops 
seen  In  the  Skylab/ATM  UV  and  X-ray  iaages.  The  total  volume  of  the 
loop  is  3.1  X 10*^  cm*.  We  must  also  apecify  the  form  and  atrength  of 
the  energy  imput  e.  For  the  case  considered  here,  we  take  e to  be 
uniform  within  the  loop  at  lO”*  ergs  a“*  cm"*.  In  Figures  2 and  A we 
also  show  eases  of  uniform  energy  input  which  differ  by  an  order  of 
magnitude. 

In  Figure  2 we  see  the  variation  of  temperature  airf  density  with 
distance  up  the  loop.  We  note  that  pressure  p " nkT  is  approximately 
constant  along  the  loop  with  the  pressure  at  the  bottom  1.6  times  greater 
than  at  the  top.  For  the  case  e - lo"  ergs  a cm  the  pressure  is 
more  constant  being  only  1.3  times  greater  at  the  bottom  then  at  the  top. 
Comparing  Figure  2 with  a model  for  temperature  and  density  in  the  quiet 
chromosphere  and  corona  (Wlthbroe  and  Noyes,  1977,  Fig.  3),  we  note  that 
although  the  temperature  gradient  in  Figure  2 reaches  Urge  values  (on 
the  order  of  one  K cm"*),  the  gradient  is  not  nearly  so  large  as  that 
shown  by  Wlthbroe  and  Noyes.  In  addition,  the  curve  of  Figure  2 is  more 
smooth.  We  also  note  from  Figure  2 that  the  temperature  gradient  le  very 
Urge  at  temperatures  near  a few  10*  K.  The  temperature  increases  from 

t 2 

2 to  3 X 10  X over  a distance  of  ^ 10  km* 

Figure  3 is  a convenient  plot  on  which  to  illustrete  acme  physical 

effects  as  well  as  make  comparisona  with  analytic  modeU.  Here  we  consider 

-A  -1  -3 

a group  of  loops  each  having  a uniform  energy  input  of  c • 10  ergo  a cm  . 
We  vary  the  length  L and  area  factor  T and  note  the  effects  on  the  tempereture 
and  density  at  the  apex  of  the  loop.  Thus  we  can  asaeaa  the  effects  of 


changing  the  nagnetic  field  structure  (area  factor)  of  the  loop.  We  see 

from  Figure  3 that  varying  F from  2 to  50  increases  the  spex  density  by 

about  a factor  of  2 and  that  this  change  Is  more  pronounced  at  small  L. 

This  effect  is  apparently  due  to  material  being  preferentially  squeezed 

up  toward  the  top  of  the  loop  and  hence  away  from  where  T ■ 1 or  2 x 10^  K 

and  radiation  is  more  efficient.  Hence  the  loop  requires  a denser  plasma 

to  radiate  away  the  input  energy.  Interestingly « increasing  F tends  to 

lower  the  temperature  at  the  loop  apex  rather  than  raising  it.  One  can 

also  coiiq>are  the  expressions  for  the  variation  of  n^L  vs  predicted 

by  analytical  models  with  the  numerical  results.  Craig,  McClymont  and 

Underwood  (1978)  find  that  « (n^L)®’^^  while  Rosner,  Tucker  and 

Valana  (1978)  find  that  T.  « (n  L)°*^,  Both  these  functions  are  shown 

top  a 

9 

in  Figure  3 where  they  are  normalized  at  F • 2,  L • 10  cm.  From  Figure 

3 we  find  that  the  exponent  for  (n  L)  varies  froa  about  0.4  to  0.7  over 

a 

Q 1.0 

the  ranges  10  <.  L < 3 x 10  cm,  2 <.  F £ 50.  The  differences  between 
the  analytical  and  numerical  results  apparently  lie  in  the  rather  severe 
approximations  to  necessary  for  an  analytic  treatment. 

Underwood  and  McKenzie  (1977)  and  Craig  and  Brown  (1977)  have  shown 
that  the  information  contained  in  UV  aid  X-ray  spectral  measurements  is 
related  to  the  physical  characteristics  if  the  (optically  thin)  emitting 
plasma  through  the  differential  emission  measure  K (T) . We  have  computed 
C(T)  according  to  the  definition  of  Craig  and  Brown  and  the  results  for 
our  8aiq>le  loop  are  shown  in  Figure  4.  The  t%«>  curves  for  C(T)  illustrate 
the  effect  of  an  increase  in  energy  input  for  a given  loop.  It  is 
interesting  to  conq>are  the  results  shown  In  Figure  4 with  enalytic  models. 
Craig,  McClyizont  and  Underwood  (1978)  estimate  that  C(T)  should  vary 
approximately  as  T^  with  a $ 0.5.  We  note  from  Figure  4 that  there  are 
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Differential  emission  measure  with  respect  to  temperature  E(T)  for 
loop  of  length  9.4x10  cm  (see  Fig.  2 for  other  Information).  Note 
the  approximately  straight  (power  law)  portions  of  the  curves  at 
4 X 10®  <.  T <.  2 X 10®.  The  curves  given  are  ipor  uniform  energy  Input  e 
of  10“^  and  10“^  ergs  s"'  cm“^  . 


straight  portions  of  the  S(T)  curves  running  from  approximately  A x 10®  to 
10  and  A x 10^  to  2 X lO^K  for  f.  - 10*^  and  lo”^  respectively.  The  power 
law  coefficients  for  these  straight  portions  are  o *»  0.3  and  O.IA  for 
and  6 10  respectively.  As  in  our  previous  comparison  of 

analytical  with  numerical  modeling,  the  analytical  model  shows  the  general 
form  of  the  solution,  but  It  takes  a computational  model  to  bring  out 
Important  details  such  as  the  value  of  o. 

Since  Figure  A shows  that,  above  2 x 10^  K,  K(T)  Is  a monotonlcally 
increasing  function  of  T for  a single  loop,  we  conclude  that  observational 
determinations  of  C(T)  which  show  €(T)  decreasing  with  T for  T ^ io\ 

(e.g.,  Pye  et  al.,  1978)  are  unlikely  to  be  explained  in  terms  of  a single 
loop.  Rather,  the  fall  of  5 with  T indicates  the  observation  of  an 
ensemble  of  loop  structures  within  the  field  of  view. 

It  is  evident  from  Figure  A as  well  as  Equation  5 that  C(T)  • at 
the  base  and  the  apex  of  the  loop  as  well  as  at  any  other  point  where  the 
temperature  gradient  vanishes.  This  situation  is  simply  a result  of  the 
definition  of  C and  does  not  correspond  to  an  infinite  energy  flow. 

Wherever  the  conductive  energy  transport  Is  very  small,  all  the  energy 
deposited  is  radiated  away. 

IV.  CONCLUSIONS 

The  Solar  Probe  Mission  will  make  It  possible  to  obtain  UV  and  X-ray 
iMges  of  the  solar  corona  with  resolution  approaching  20  km.  It  Is 
Important  to  ask  how  we  are  to  exploit  such  observations  to  better 
understand  the  coronal  structures.  In  this  paper  we  suggest  that  detailed 
computational  modeling  of  coronal  structures  can  indeed  take  advantage  of 
high  resolution  Imaging  Information.  Further,  we  discuss  the  questions 
which  such  models  can  help  to  answer  when  coupled  with  tflgh  resolution 
coronal  Images.  The  answers  to  questions  such  as  the  nature  of  the 
heating  and  magnetic  field  geometry  of  coronal  loops  have  Implications 
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Abstract 

The  Solar  Probe  offers  a platform  with  several  unique  advantages 
for  studying  solar  non-thermal  plasma  processes  via  the  observation  of 
hard  X-radlatlon  from  energetic  electrons  In  the  chromosphere  and  corona. 
These  Include  (1)  high  sensitivity,  (11)  a second  line  of  sight  (In  addition 
to  the  Earth's)  that  can  aid  In  3-d1mens1onal  reconstruction  of  the  source 
distribution,  and  most  Importantly  (111)  the  possibility  of  correlation  with 
direct  measurements  of  the  non-thermal  particles  from  the  Probe  Itself. 
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I.  SaAR  X-RADIATION 

Solar  X-ray  emission  comes  from  many  different  sources  In  the 
solar  atmosphere.  Soft  (s  10  keV)  X-rays  constitute  the  natural  thermal 
emission  from  the  solar  corona,  both  In  active  and  quiet  regions.  Hard 
(i  10  keV)  X-ray  emission  occurs  during  flares  and  their  coronal  consequences. 

Me  discuss  the  hard  X-ray  phenomena  briefly  here. 

A.  Impulsive  Phase 

The  Impulsive  phase  of  a solar  flare  (e*g.»  Kane,  1974)  marks 
an  explosive  energy  release  detectable  In  a variety  of  wavelengths,  especially 
clearly  In  hard  X-radlatlon.  A burst  of  short  duration  (typically  -.SO  sec), 
possibly  with  rapid  fluctuations  (as  fast  as  ■vl  sec)  occurs  In  the  10-100  keV 
energy  range;  simultaneous  microwave  and  EUV  flashes  also  appear.  Figure  1 
shows  a typical  example  of  such  a burst  from  OSO-7  data  (Oatlowe  et  al- , 1978) 
The  hard  X-ray  burst  appears  to  be  the  derivative  of  the  time  profile  of  the 
accompanying  soft  X-ray  burst,  also  shown  In  Fig.  1.  The  gradual  phase 
roughly  matches  the  time  profiles  of  the  Ha  flare  and  the  gradual  microwave 

burst. 

Based  upon  reasonable  theoretical  modeling  of  the  physical  processes, 
since  we  hove  virtually  no  direct  Imaging  observations  to  date,  the  Impulsive 
phase  probably  occurs  on  compact  closed  loops.  Knowledge  of  Its  association 
with  the  gradual  phase,  whose  geometry  does  consist  of  such  loops,  may 
help  to  define  the  basic  causes  of  the  flare,  or  at  least  the  nature 
of  the  non-thermal  behavior  Involved  In  the  particle  acceleration. 
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Figure  1.  Typical  X-ray  burst  observed  by  OSO-7  (Datlowe  et  al_. , 1978). 
showing  the  gradual  time  profile  of  soft  (5. 1-6.6  keV)  X-radiation  and  im- 
pulsive time  profile  of  hard  (20-30  keV)  X-radiation.  This  particular  soft 
X-ray  burst  had  a rapid  rise  time  and  a relatively  strong  hard  X-ray  burst. 


B.  The  Coronal  Phase 

The  meter-wave  radio  phenomena  (e.g.,  Wild  and  Smerd,  1972)  require 
a wide  variety  of  populations  of  non-thermal  elections  In  various  configurations: 
unconfined  streams  (Type  III),  shock  fronts  (Type  II),  trapping  regions 
(Type  IV)  at  10-100  keV  energies,  and  Type  IV  and  "flare  continuum"  bursts 
in  several  possible  geometries.  In  all  of  these  sources  the 
details  of  the  magnetic  field  and  plasma  density  distributions  strongly 
affect  the  propagation  of  the  radio  waves  as  well  as  their  emission.  To  help 
untangle  these  complex  sources  and  take  substantial  quantitative  steps  In 
Interpreting  the  plasma  physics,  we  need  further  diagnostic  Information. 

The  Solar  Probe  can  make  these  possible  both  by  direct  sampling  of  the  distribu- 
tion functions,  and  by  sensitive  Imaging  of  the  bremsstrahlung  hard 
X-radlatlon  from  the  source. 

At  present  we  have  only  extremely  limited  observational  Information 
about  X-ray  emission  from  these  coronal  phenomena,  primarily  because  the 
more  intense  radiation  from  the  chromosphere  tends  to  swamp  the  weaker 
coronal  phenomena.  However,  several  observations  of  over-the-limb 
flares  (Frost  and  Dennis,  1971;  Hudson,  1978;  Datlowe  et  ^.,  1978)  have 
excluded  these  brighter  sources  by  limb  occultatlon.  Figure  2 shows  an 
example.  The  resulting  purely  coronal  emission  has  several  inter-esting 
properties:  The  hard  X-ray  emission  has  very  long  duration,  a smooth  time 
profile,  and  very  flat  spectra.  Figure  3 plots  the  spectra  of  the  three 
clearest  examples  of  such  events;  all  permit  fits  to  (hv)  spectra  over 
the  10-250  keV  spectral,  region. 
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coronal  hard  X-ray  emission  from  a great  flare  on 
mi  22»  Identified  (van  Mollebeke  et  al.,  1976)  with  an  active  region 
90  beyond  the  solar  limb.  During  the  same  time  interval  a more  typical 
Impulsive  burst  (“0540  UT)  came  from  an  active  rcnion  on  the  visible  hemi- 
sphere. The  coronal  event  Included  Type  II,  Type  ill  .and  flare  continuum 
meter-wave  emission  on  the  appropriate  limb  area. 


HARO  X-RAY  SPECTRA 
OVER-THE-LIMB  FLARES 
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Figure  3.  Hard  X-ray  spectra  event;  1969  March  30 

2.  along  with  two  iM  1978).  All  had  photon 
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The  most  extreme  example  (shown  In  Figure  2)  occurred  on  1972 
July  22,  from  a parent  flare  apparently  180®  in  longitude  from  the  Earth's 
position  (van  Hollebeke  et  , 1976).  Confirmation  of  this  identification 
comes  from  the  Culgoora  80  MHz  radioheliograph  Images  (Stewart,  personal 
communication),  which  show  type  II  and  "flare  continuum"  radiation  across 
a wide  sector  of  the  80'MHz  limb.  The  time  profile  of  the  hard  X-rays 
matches  that  of  the  flare  continuum  best.  No  type  IV  burst  occurred 
In  this  event,  but  type  II  bursts  occurred  in  each  of  the  three  examples 
shown  in  Figure  3.  In  any  case  naive  estimates  for  the  spatial  extent  of  this 
hard  X-ray  emission  suggest  one  Rq,  simply  because  the  1972  July  22 
event  must  have  begun  in  a flare  almost  diametrically  opposite  the 
Earth  in  solar  longitude. 

We  conclude  that  coronal  phenomena  long  known  from  their  radio-wave 
characteristics  will  also  emit  detectable  X-ray  flares.  X-radiation  has 
totally  different  emission  mechanisms  and  propagation  conditions. 

Thus  sensitive  imaging  hard  X-ray  observations  can  greatly  improve  our 
understanding  of  the  plasma  physics  in  the  interesting  region  of  the  solar 
atmosphere  between  the  transition  region  and  *'<  10  Rg,  A spacecraft  close  to 
the  sun  could  allow  us  to  observe  this  region  effectively  in  X-radiation 
as  well  as  to  sample  its  particle  populations  directly. 

II.  Unique  Advantages  of  the  Solar  Probe 
A.  High  Sensitivity 

A. closer  approach  to  the  sun  will  generally  make  possible  more 
' sensitive  observations,  owing  to  the  inverse-square  law.,  This  appears  to 


.^present  «n  Pxtrmely  tnterestlna  .dv.pta,e  for  X-r«  obsorv.ttoos . boc.iise 
the  transient  nature  of  the  phenomena  tends  to  limit  the  signal-to-nolse 
ratio  from  photon  counting  statistics  In  the  signal  Itself.  The  ultimate 
limitation,  the  diffuse  cosmic  X-ray  background,  lies  far  below 

the  surface  brightnesses  of  the  coronal  X-ray  sources  (Hudson,  1978). 

B.  Stereoscopic  Viewing 

The  solar  X-ray  sources  must  have  sn»n  optical  depths.  Stereoscopi 
viewing  can  therefore  In  principle  lead  to  a full  three-dimensional 
t'econstructlon  of  the  source  configuration.  In  practice*  of  course,  this 
would  require  a large  number  of  view  directions  (Bracewell  and  Riddle.  1969). 
Nevertheless  two  views  of  a complex  three-dimensional  source  will  give 
an  enoinMus  improvwnent  over  one  pei*spect1ve.  The  three-dimensional 
analysis  should  pennit  modeling  the  magnet 1c- field  structures  that 
underlie  the  coronal  non-thennal  phenomena,  and  their  motions  and  growth. 

The  second  perspective  In  stereoscopic  viewing  of  solar  coronal  phenomena 
will  then  come  from  observations  from  near-Earth  spacecraft. 

C.  Cori'elated  Particle  Observations 

Direct  sampling  clearly  provides  the  greatest  potential  advantage 
of  a spacecraft  such  as  the  Solar  Probe  for  understanding  coronal  non-thermal 
particle  populations.  Xray  observations  of  the  same  source  would  greatly 
amplify  this  advantage  In  several  ways.  Firstly,  the  particle  observations 
sample  only  along  a single  track,  while  X-ray  Imaging  would  show  the 


larger-scale  structure  of  the  sources.  This  would  also  aid  In  untangling 
spatial  from  temporal  variations.  The  X-ray  and  direct  particle  observations 
can  complement  each  other  In  particle  species  and  energy  range  as  well. 
Finally,  the  X-ray  observations  can  provide  Information  about  the  location 
of  the  flare  that  originates  a solar-particle  event.  The  combination  of 
such  detailed  knowledge  with  the  proximity  of  the  particle  detector  to  the 

source  will  greatly  Improve  our  understanding  of  particle  propagation  In 
the  lower  corona. 

III.  Instrumentation 

A simple  hard  X-ray  telescope  with  high  resolution,  high 
sensitivity  and  a large  field  of  view  can  fit  easily  into  the  tentative 
configuration  of  the  Solar  Probe.  It  should  consist  of  a high-Z  mask 
(presumably  tungsten)  behind  the  first  heat  shield,  with  a position-sensitive 
X-ray  detector  near  the  main  Instrumentation.  The  combination  of  a single 
mask  and  a position-sensitive  X-ray  detector  makes  an  X-ray  telescope  of 
the  type  conceived  by  Mertz  (1965),  Abies  (1968)  and  Dicke  (1968).  A 
pinhole  camera  represents  the  simplest  example  of  this  type  of  telescope. 
Recent  developments  (Gunson  and  Polychronopulos,  1976)  have  made  It  possible 
for  such  telescopes  to  have  very  large  effective  collecting  areas  - the  most 
Important  requirement  In  a signal -limited  situation  such  as  the  rapidly 
variable  solar  phenomena  provide. 

Table  1 summarizes  potential  X-ray  telescope  properties.  Absorption' 
by  the  heat  shield  will  probably  limit  the  response  co  z 30  keV.  The 
telescope  can  Incidentally  act  as  a non-imaging  monitor  with  high  time 
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resolution  for  unresolved  sources,  and  In  this  mode  can  contribute  to  the 
accurate  location  of  both  solar  and  cosmic  burst  sources  by  precise  timing. 

Table  1 roughly  describes  the  parameters  of  such  a system.  It 
would  have  a field  of  view  covering  the  whole  coronal  region  of  interest 
except  at  s 0.1  AU  near  perihelion.  It  would  contribute  extremely  interesting 

information  during  the  whole  orbit. 


TABLE  1 

PROPERTIES  OF  A HARD  X-RAY  TELESCOPE 
FOR  SOLAR  PROBE 


Angular  resolution 
Field  of  view 
Mask  material 
Mask-detector  separation 
Detector  resolution 
Detector  area 
Detector  type 
Total  weight 


3 are  min 
20  degrees 
tungsten,  3 qm  cm 
1 meter 
1 mm 
25  cm^ 

to  be  selected 
5 kg 
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Abstract 


The  unique  vantage  points  and  viewing  geometries  afforded 
by  a close-in  solar  probe  are  briefly  examined  J J® 

line  and  continuum  measurements  of  features  on  the 
the  K and  F coronas,  and  the  zodiacal  light.  Common 
Sd  observing  requirements  are  identified,  suggesting  that  a 
single  instrument  could  provide  much  of  the  necessary  observational 

data  on  these  phenomena # 
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Multicolor  Imaging  and  Photopolarimetry: 
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Disk  Feature**,  K and  P Coronas, 


Introduction 

ScientlWc  InterreUtlonshlps,  ov.rUppJi,g  Instrument  and  ob.ervlng 
renulrementa,  and  llmltatlona  on  total  weight  and  power  suggest  the  use  of 
multipurpose  Instruments,  where  possible,  for  measurements  from  a olose-ln 
sol«r  probe.  One  such  set.  Interrelated  solentlfleally  and/or  by  measurement, 
includes  but  is  not  limited  to  the  following: 

- Physic^  conditions  in  active  and  quiet  regions  on  the  sun»s  disk  - « » 

Mtic°nSd  StJ^^Sh  of  events  on  the  disk,  ma^f** 

netic  neld  strengths  and  directions  in  sunspots  and  in  cuiet  rsffions 

■ 3-dlTOnsional  structure  and  time  history  of  the  corona  - e k 

s1“SSrre^J.J-  r conn^atJ;!- 

■ dS:J^^s1:oSrSt°S:^‘ihr:S:“‘“’  laterplsnetary 

A brief  dlsousslon  Is  given  of  some  of  the  observations  and  Instrument  require- 
ments  associated  with  this  set. 


Observations 

1.  Measurements  of  the  sun’s  disk. 

Ibe  need  for  continuous  high  resolution  Imaging  of  the  sun’s  disk  in 
selected  lines  is  well  known.  Of  particular  interest  is  the  comparison  of 
images  obtained  from  1 AU  with  simultaneous  Images  obtained  over  a range  of 
heliocentric  distances,  with  emphasis  near  perihelion.  This  would  make  it 
possible  to  deteralne  to  what  extent  structure  and  time  changes  as  seen  in 
low  resolution  Images  from  1 AU  reflect  ’’real”  conditions. 

Broad  and  narrow  band  measurements  of  line  and  continuum  polarisation  on 
the  sun’s  disk  have  been  discussed  by  Leroy  (1978),  Mickey  and  Orrall  (I97l»), 


and  others.  More  recently,  Baur  and  House  (1977)  have  developed  a sensitive, 
high  spectral  resolution  polarimeter  capable  of  measuring  all  four  Stokes 
parameters  (I,Q,U,V)  for  any  line  from  3900^  to  7000^.  Figure  1 shovrs  a 
computer  plot  of  vector  magnetic  fields  derived  from  a grid  of  such  spectral 
scans  in  the  vicinity  of  a sunspot  group.  The  Information  content  in  broad  and 
narrow  band  polarimetry  and  in  spectropolarimetry  is  significantly  enhanced  by 

”close-in”  measurements.  The  Solar  Probe  could,  for  example,  obtain 
ulgh  spatial  resolution  maps  of  vector  magnetic  fields  in  active  regions, 
on  the  quiet  disk,  and  in  prominences  - all  with  the  3-dimensional  aspect 
afforded  by  the  rapidly  changing  viewing  geometry  near  perihelion.  Such  data 
are  needed  for  a wide  range  of  problems  In  solar  physics, 

2.  K and  F coronas  and  zodiacal  light. 

The  K corona  arises  from  Thomson  scattering  of  photospheric  radiation 
by  free  electrons  close  to  the  sun,  8uid  the  F corona  arises  from  scattering 
of  photospheric  radiation  by  dust  peurticles  close  to  the  sun.  The  poleu^'ized 
brightness  (Stokes  parameter  Q)  of  the  K co.vona  is  proportional  to  the  coronal 
electron  density.  Thus,  measurements  of  the  K corona  over  a range  of  helio- 
centric distances  near  perihelion  of  a close-in  solar  probe  would  make  it 
possible  to  obtain  3~dimensional,  high  spatial  resolution  maps  of  coronal 
electron  density.  Figure  2 depicts  the  location  in  space  of  the  particles 
which  contribute  to  the  K and  F coronas  and  to  the  zodiacal  light. 

As  seen  from  the  upper  portion  of  Figure  2,  the  brightness  of  the  F corona 
and  of  the  zodiacal  light  at  angles  closer  than  30®  to  the  sun  comes  primarily 
from  dust  particles  near  the  sun.  Thus,  in  principle,  measurements  of  brightness, 
polarization,  and  color  in  this  region  can  be  deconvolved  to  define  the  spatial 
distribution  and  optical  properties  of  dust  near  the  sun.  Unfortunately,  there 
ore  relatively  few  observations  of  the  F corona  or  of  the  zodiacal  light  closer 
than  30®  to  the  sun.  From  the  ground  this  effective  ”limit”  on  zodiacal  light 


2.  The  location  In  space  of  the  particles  which  contribute  to  the  K (electron)  and  F (dust)  coronas  and  to  the 
lacal  light.  S ■ sun,  E * Earth,  0 • observer.  The  «q>per  portion  of  the  figure  shows  the  brightness  contribution 
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observations  is  imposed  by  the  need  to  observe  without  twilight  interference 
and  by  uncertainties  in  airglow  and  in  the  corrections  for  atmospheric  extinction 
and  scattering  near  the  horizon.  Although  there  is  generally  no  such  limitation 
Cor  observations  from  a spacecraft,  other  difficulties  have  limited  most  space 
observations  to  relatively  large  angles  from  the  sun  (Weinberg,  1976).  At  30" 
from  the  sun,  in  observations  obtained  at  1 All,  there  is  no  information  about 
regions  closer  than  0.5  AU  to  the  sun.  Only  observations  from  a close* in  solar 
probe  with  a properly  shielded  instrument  can  provide  the  kinds  r>f  data  needed 
to  fully  characterize  the  scattering  processes  and  to  define  the  spatial  and 
size  distributions  and  the  albedo  and  other  optical  properties  of  dust  near  the 
sun. 

The  effect  of  the  orbital  inclination  of  the  Solar  Probe  can  be  seen  from 
the  dashed  curves  in  Figure  2 which  show  the  location  of  the  particles  which 
contribute  most  of  the  brightness  seen  by  an  observer  at  1 AU  from  the  sun 
in  a IS*  inclination  orbit.  For  this  sample  solar  probe  inclination,  the  Earth 
is  shown  as  a dashed  circle  below  the  observer.  Comparison  with  the  1 AU,  in- 
ecliptic calculation  (solid  curves)  shows  that  the  region  which  contributes 
most  of  the  brightness  at  small  angles  moves  closer  to  the  sun  when  viewed 
from  a 15*  inclination  orbit.  At  any  inclination,  the  general  characteristics 
of  the  brightness  curves  are  maintained  for  spacecraft  positions  at  constant 
ecliptic  latitude.  Measurements  from  a moderate  (30*  to  45*)  inclination  orbit 
are,  in  fact,  best  suited  to  providing  information  on  dust  in  the  vicinity  of 
the  sun.  Higher  inclinations  are  less  suitable  since  they  provide  a shorter 
total  observing  time  near  the  sun. 

Detailed  measurements  of  both  the  K and  F coronas  near  perihelion  would 
also  help  to  remove  much  of  the  current  difficulty  in  separating  the  K and  F 
components  in  ob«;«rvations  of  the  solar  corona  during  eclipsi. 


other  aapecta  aaaoetated  Kith  duat  In  the  inner  aolar  ayatem: 


Ihennal  emiaaion  from  interplanetary  duet  hae  been  detected  hy  Peteraon 
(1963*  1967)*  MacQuoen  (1968),  and  Lenai  et  al.  (197^)  at  varioua  poaitiona 
beyond  3 Baaed  on  obaervationa  from  Helioa  I,  no  evidence  waa  found  for  a 

decreaae  in  duat  concentration  at  heliocentric  diatancea  RJ^O.09  AU  (19  R ) 
(Leinert*  et  al.»  1978).  Since  the  duat  vaporisation  zone  ie  expected  to*be 
cloae  to  3 R , it  should  be  able  to  be  obaerved  from  a cloae-ln  (4  R perlhelior.) 
aolar  probe  If  obaervationa  are  made  closer  than  90®  to  the  sun.  The  conpuai- 
tlon  and  aizc  of  duat  pnrticlea  spiraling  in  to  the  sun  duo  to  the  Poynting- 
Robertaon  effect  may  result  in  the  boundary  of  the  vaporization  zone  being  patchy. 


Sky  mapping  obaervationa  from  different  heliocentric  diatancea  would  make 
it  possible  to  derive  the  spatial  distribution  of  duat  Inside  1 AU  and  to  de- 
termine possible  solar  wind  electromagnetic  effects  on  the  orbital  elements  of 
the  dust.  These  observations  would  also  provide  the  additional  data  needed  to 
examine  further  the  possible  concentration  of  dust  toward  the  orbital  planes 
of  the  inner  planets  (Misconi  and  Weinberg,  1978).  ^ inverting  the  zodiacal 

light  bri^tness  Integral  (Schuerman,  1977j  Dumont,  et  al.,  I976),  it  would 
also  be  possible  to  8e6u*ch  for  changes  in  the  properties  or  character  of  dust 
particles  (size,  shape,  albedo)  as  a function  of  heliocentric  distance,  es- 
pecially near  the  sxm. 


Solar  storm  effects  (Misconi,  1976)  might  be  seen  directly  in  terms  of 
changes  in  the  brightness  of  the  P corona/inner  zodiacal  light  and  in  terms 

of  electron  depletion  on  the  trailing  edge  of  high  speed  streams  (and.  perhaps, 
in  terms  of  dust  depletion). 


A comparison  of  close-in  measurements  of  Fraunhofer  line  profiles  on  the 
disk  and  in  the  P corona/inner  zodiacal  light,  especially  east  and  west  of  the 
sun,  could  provide  additional  Information  on  electrons  (shadlow  line  cores)  and 
on  dust  (Doppler  shifts,  changes  in  line  shape).  The  relative  distribution  of 
prograde  and  retrograde  orbits  obtained  from  measurements  of  Doppler  shifts 
provides  information  on  the  cometary  and  Interstellar  contributions  to  the  dust 
complex.  The  uncertainty  in  Doppler  measurements  made  from  1 AU  limits  conclusions 
to  the  statement  that  the  dust  is  probably  in  prograde  orbits  around  the  sun 
(James  and  Smeethe,  1970).  Misconi  (1976)  has  shown  that  ion  drag  resulting 
from  impinging  solar  wind  protons  and  heavy  ions  is  much  stronger  for  solsur 
storms  than  the  Poynting-Robertson  drag  at  heliocentric  distances  less  than 
0.1  AU.  Tnie  would  alter  the  size  distribution  and,  perhaps,  the  spatial 
density  distribution  of  the  dust,  resulting  in  a physieeQ.  separation  of  smed.! 
and  large  particles  and  possible  color  effects  in  the  brightness  and  polarization 
of  the  zodiacal  li^t.  Krishna  Swamy  (1978)  suggests  that  a separation  of  small 
and  large  particles  in  comet  tails  due  to  radiation  pressure  effects  could  be 
responsible  for  the  polarization  reversal  observed  in  the  tall  of  Comet  Ikeya 
Seki  (1965  VIII)  (Weinberg  emd  Beeson,  1976).  This  same  polarization  reversal 
mieht  be  present  in  the  P corona  at  heliocentric  distances  less  than  0.1  AU 
and  at  scattering  angles  between  115°  and  135°,  given  the  proper  observing 
geometry  (Misconi,  1978). 


Other  aspects  associated  with  the  solar  corona: 

The  Stokes  parcuneters  I and  Q of  coronal  emission  lines  such  as  107k7^ 
and  10798a  of  Pe  XIII  contain  information  on  magnetic  field  directions,  ion 


uoiwinlng  theae  data  with  ohaervations  of  the  K corona  and  wli;h  diak  and 
limb  memauramenta  would  give  a more  complete  picture  of  the  atructure  of  the 

corona  of  the  Interrelatlonahipa  with  phenomena  at  lower  helghta  in  the 
aolar  atmoaphere. 


!Ston^htB  on  ilnatrumentatlon 
!•  Parametera  to  be  meaaured. 

Table  1 1 dent! flea  the  Qtokea  parametera  that  are  generally  uaed  for  the 
varloua  diak  and  aky  meaaurementa  dlacuaacd  earlier. 


Table  1 

diak  meaaurements 
Imaging 
polarlmetry 

vector  magnetic  fielda 

coronal  emiaaion  linea 

K corona 

F corona 

zodiacal  light 


Stokeo  parameter 
J Q U 


X 

X 

X 

X 

X 

X. 


X 

X 

X 

X 

X 

X 


X 

X 

X 

X 

X 


X 

X 


Stokea  pw^etera  I,  Q,  U,  and  V are  proportional  to  the  total  brlghtneaa, 
the  pol^ipd  brl^tneaa,  the  orientation  of  the  plane  of  polarization,  and 
tte  ellipticity,  respe.-tively.  In  many  cases,  it  is  convenient  to  use  the 
depee  of  polarizpion,  p,  which  is  defined  as  that  fraction  of  the  total 
brightness 9 which  is  polarized* 

(Q2  + u2  + 


Althou^  not  often  done,  meaaiirements  of  V would  be  useful  on  the  sun's  disk 
and  in  the  B coi*ona  and  inner  zodiacal  light. 


2.  Wavelengths. 

Since  color  effects  may  be  present  in  P corona  and  aodiac^  ll^t  meMure- 
ments  at  small  heliocentric  distances,  bandwidths  should  bo  ke^  relatively 
SIrrow  (lO’s  to  lOOVs  of  X's,  .not  thous^ds).  Sever^  wavelengths  are 
here,  relatively  far  apart,  such  that  1/wavelength  changes  appwcisbly. 
wavelengths  are  important  as  a probe  of  the  size  of  the  particles, 
near  the  vaporization  zone,  and  for  possible  detection  of  a 
Stellar  trains » Iiong  wavelengths  eure  important  for  detection  of  thermal 

Several  narrow  wavelength  bends  are  also  re<iuired  for  studies  of  line  end sslon 
on  the  disk  or  in  the  corona.  For  vector  magnetic  fields  it  Is  isqportant  to 
be  ab:e  to  scan  over  a broad  range  of  wavelength  so  as  to  measure  selected 

lines. 


3.  Pointing. 

All  aspects  of  tie  measuremenl  set  discussed  here  require  some  form  of 
pointing.  An  articulated  mirror  system  if  suitable  for  disk  and  1^  meas^ 
mnts  and  could  perhaps  be  coupled  to  the  sky  measurement  modes.  One  W to 
obtain  the  necessary  sky  coverage  for  the  P corona  and  zodiacal  litf»t  so  as  t 
be  able  to  Invert  these  data  is  to  observe  the  entisolar  ® 

Pioneer  lO/ll-type,  ”spin-scan”  configuration  (Weinberg,  et  al.,  ,« 

spacecraft  *1>acks”  toward  the  sun  and  to  subtract  hemispheres  to  get  the  local 
contribution.  Stray  li^t  is  minimal  for  this  mode  if  observation  are  re- 
stricted  to  angles  from  the  sun  (elongations)  greater  than  90  . Dinrete  an 
background  starlight  become  less  and  less  liaportnt  as  the  ®f®®®®J®^  “J**® 
perihelion,  and  the  total  signal  is  essentially  Just  zodiacal  ligW  and  F 
corona.  To  extend  this  to  smaller  elongations  would  ^®^^^® 
liAt  rejection  and  automatic  gain  changing,  but  it  would  allow  the  K J 
coronas  to  be  observed  from  ”close-up”.  To  get  the  spatial  resolution  needed 
at  both  large  and  small  heliocentric  distances,  large  and  sm^l 
view  and  a corresponding  change  in  scanning  step  size  vould  be  needed.  For 
large  heliocentric  distance  R,  a field  of  view  of  2°  or  3®  (diameter)  is 
needed;  at  small  R,  a field  of  view  smaller  than  1 is  needed.  For  disk, 
llnft),  and  K coronal  observations,  variable  fields  of  view  wo\ild  be  required. 


Experience  with  optical  instrumentation  developed  or  in  process  for  other 
probes  such  as  Pioneer  lO/U,  Voyager  1/2,  Helios  J-/2.  ®»d  the 
Mission  suggests  that  an  articulated  instrument  suitable 

measurements  might  require  a mass  of  7 to  12  kg,  a power  of  4 to  8 watts,  and 
a variable  data  rate  ranging  from  5 to  several  hundred  bits  per  second. 


Concluding  Remarks 

The  measurements  discussed  here  contain  data  on  interrelationships  and 
detailed  morphology  of  active  regions  and  surface  fine  structure,  photospheric 
and  coronal  magnetic  fields,  changes  in  the  number  and  distribution  of 
coronal  electrons,  and  the  spatial  density  distribution,  optical  properties 
and  composition  of  Interplanetary  dust,  especially  dust  near  the  sun.  The 
number  of  common  Instrument  and  observing  requirements  suggests  that  a single 
Instrument  could  be  developed  that  would  provide  much  of  the  necessary  data 
on  all  of  these  phenomena. 
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HAGNETIC  FIELD  MEASUREMENTS 
FROM  THE  SOLAR  PROBE 
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Lockheed  Palo  Alto  Research  Laboratory 

During  the  past  ten  years  a growing  body  of  Indirect  evidence  has 
indicated  that  most  of  the  magnetic  flux  on  the  solar  surface  is 
surprisingly  strong.  Recent  direct  evidence  (measurement  of  the  Zeeman 
splitting)  has  indicated  that  virtually  all  the  measured  fields  have  a 
strength  of  1200  t 100  Gauss.  At  present  it  appears^  at  least  to  me,  that 
there  are  two  critical  questions  about  the  solar  magnetic  field  that  can 
only  be  answered  from  the  Solar  Probe.  The  first  is,  does  weak  field 
exist?  The  second  is,  what  Is  the  detailed  structure  of  the  prototypical 
strong  field  flux  tube? 

To  answer  these  questions  a great  deal  of  work  has  been  done  on  the 
ground;  however.  It  Is  now  clear  that  because  of  its  displacement  of  the 
Image  and  its  degradation  of  the  resolution,  atmospheric  seeing  has  placed 
a limit  on  progress.  In  order  to  get  better  data  NASA  is  supporting  a 
magnetograph  system  with  1/2  arc  second  resolution  on  Spacelab  2,  and  work 
is  at  least  in  the  preliminary  stage  for  a Solar  Optical  Telescope  (SOT) 
Facility  magnetograph  with  0.1  arc  second  resolution.  In  earth  orbit, 
Spacelab  2 and  SOT  telescopes  can  resolve  200  km  and  80  km  magnetic  fields, 
respectively. 

It  Is  clear  that  the  Solar  Probe  has  the  potential  for  substantial 
improvements  In  spatial  resolution.  A modest  12.5  cm  telescope  on  the 
Solar  Probe  will  resolve  40  km  at  10  solar  radii  and  16  km  at  4 radii. 

The  question  then  arises  is  this  factor  of  2 to  5 In  resolution 
necessary?  First,  It  Is  Important  to  point  out  that  when  a telescope 
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builder  describes  his  or  her  telescope  the  resolution  quoted  is  for  detec- 
tion of  100%  contrast  resolution  targets.  Thus*  if  we  desire  to  measure 
the  vector  field  in  an  elementary  magnetic  structure  that  has  a spatial 
scale  of  70  to  100  km  and  is  semi  transparent  because  the  mean  free  path 
for  photons  is  on  the  order  of  the  scale  structure,  a telescope  resolution 
of  16  to  40  km  is  necessary. 

It  appears  then  that  Solar  Probe  offers  the  opportunity  to  really 
measure  the  magnr  j.c  structure  of  the  elementary  flux  tube  which  we  now 
have  reason  to  believe  has  a scale  on  the  order  of  100  km.  Further,  the 
rapidly  changing  aspect  of  the  probe  allows  us  to  obtain  the  vector  field 
geometry*  It  also  offers  the  possibility  of  looking  for  ”low  contrast” 
weak  field  structure  in  this  size  range.  If  the  orbit  of  the  probe  can  be 
made  to  pass  over  the  polti.  such  data  can  be  gained  as  a function  of 
latitude,  and  the  structure  of  the  polar  field  can  be  measured  directly  for 
the  first  rime. 

Finally,  can  we  build  a magnetograph  that  can  carry  out  these  measure- 
ments? I believe  the  answer  is  yes.  Shown  in  Figure  1 is  a drawing  of  a 
telescope  that  obtains  line  profiles  with  50  ma  resolution  in  circular  and 
linear  polarization.  It  can  operate  in  as  many  lines  as  it  has  pre-filters. 
In  addition  it  may  obtain  velocity  information  on  the  way  into  the  Sun  to 
gain  data  on  the  solar  oscillations. 

Figure  2 shows  the  detector  plane  of  the  system.  Falling  on  the 
detector  is  a telocentric  image  of  the  objective.  Since  there  is  an  aper- 
ture in  the  focal  plane  that  can  both  move  and  change  size,  polarized  line 
profiles  can  be  obtained  at  arbitrary  points  with  variable  spatial  resolu- 
tion. I believe  such  a system  can  be  made  smart,  «o  that  the  telescope 
microprocessor  conducts  t!te  search  for  the  magnetic  elements  and  then 
constructs  the  vector  field. 
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Figure  1.  layout  of  the  optical  ayatem 
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A NEW  USE  OF  HIGH  RESOLUTION  MAGNETOGRAMS 


P.  J.  Baum  and  A.  Bratenahl 

Inatltute  of  Geophyalca  and  Planetary  Phyaica 
University  of  California,  Riverside,  California  92521 


Abstract 

Ground-based  solar  magnetograms  are  frequently  In  error  by  as  much  as  twenty 
percent.  This  Imprecision  Is  part  of  the  reason  for  the  poor  correlation 
between  magnetic  changes  and  solar  flares  since  flare  related  changes  can  be 
much  less  than  twenty  percent.  High  resolution  measurement  of  the  magnetic 
field  component  B||  which  Is  normal  to  the  photosphere  and  measured  at  photo- 
spheric  height  can  be  used  to  construct  a magnetic  flux  partition  function  F. 
We  show  that  dF/dt  is  an  EMF  which  drives  atmospheric  currents  In  reconnect- 


I Ing  solar  active  regions.  With  a high  quality  magnetograph  the  solar  probe 

Scan  be  used  to  obtain  good  estimates  of  F and  dF/dt  and  thereby  the  energy 
stored  as  induced  solar  atmospheric  currents  during  quiescent  Interflare 
I'  periods.  Should  a flare  occur  during  a favorable  observing  period,  the 

^ present  method  of  analysis  should  show  characteristic  signatures  In  F,  dF/dt, 

1 and  especially.  In  the  stored  flux  computed  from  dF/dt. 


sa 


1.  INTRODUCTION 


It  tu»  been  wWely  eonjeetured  Chet  eolnr  fUtee  are  energUed  by  the 
nagneclc  energy  atoted  In  comple*  active  teglona.  Paradoxically,  h • 

attempting  to  ahow  that  magnetic  changea  cauae  or  charactorlte  flarea.  aolar 
magnetic  obaorvatlona  have  produced  equivocal  reaulta.  In  prevloua  attempto 
at  reaolvlng  the  paradox.  It  haa  been  contended  that  magnetic  meaaurementa 
are  Impreolaa  or  that  magnetic  theortea  oC  flarea  are  Incorrect.  We  preaent 
an  altetnetlve  explanatlont  the  preaent  uee  of  magnetograma  to  examine  active 
region  atructure  through  numerical  Integration  of  mlBcellaneoua  field  llnea 
(under  v.rtoua  force-free  aaaumptlon.)  provided  qualitative  information  only 
and  doea  not  utllUe  the  quantitative  Information  available.  Therefore,  we 
propose  . new  approach  to  the  analyala  of  magnetograma  which  la  llluatrated 
with  a highly  aymmetrlzed  example  that  permits  Integration  In  closed  form. 

The  proposed  approach  exploits  the  cellular  structure  of  the  flux  of  field 
line,  preaent  In  a complex  active  region.  The  various  topological  connec- 
tivities distinguish  parent  and  daughter  flux  cells.  A function  P is 
developed  expressing  the  flux  partitioned  Into  the  daughter  cell  of  Inter- 
connected field  lines  in  a potential  field.  This  F is  a function  of  the 
location,  strength,  and  reUtive  motions  of  the  photospherlc  sources.  Then 
dP/dt  is  used  os  an  BMP  In  the  direct  calculation  of  the  stored  magnetic 
energy  available  for  flare  production.  In  carrying  out  this  program  the 
flux  partitioning  surface  (separatrix)  is  calculated  along  with  its  line  of 
self-intersection  (separator).  The  separator  is  the  location  of  the  print  - 
pal  energy  release  site. 

in  this  presentation  we  will  briefly  review  the  relation  of  flares  to 
magnetic  fields,  describe  how  solar  magnetic  fields  have  been  interpreted,  an 
discuss  the  reUtlon  between  the  topology  of  individual  field  lines  and  the 
cellular  topology  of  flux  surfaces.  With  these  rudiments  In  mind,  we  shal 
proceed  to  calculate  the  cellular  fluxes  of  a complex^bipolar  spot  pair  a.  a 
function  of  spotgroup  separation.  The  calculation  Is  done  for  the  limit  ng 
case  where  the  .pot  pairs  are  colinear  and  will  mahe  use  of  the  magnetic  po  nt 
charge  model.  Having  demonstrated  exact  solutions  for  the  celluUr  fluxes  n 
tUs  special  case,  it  is  suggested  that  solar  magnetic  field  code,  be  further 
develop*)  to  compute  the  celluUr  fluxes  In  more  general  arrangements.  With 
such  a code  available  and  if  a flare  should  be  observed  by  the  solar  probe. 
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we  expect  that  significant,  conclusions  could  be  drawn  from  neasureinent  of 
even  the  line  of  sight  photospherlc  magnetic  field  (Bj|). 

1.1  Flares  and  MoRnetlc  Energy  Changes 

There  are  a number  of  observations  Indlcotlng  a decrease  of  magnetic 
energy  during  large  flares  (Evans,  1959;  Howard  and  Severny,  1963;  Gopasyuk 
et  alt,  1963;  Zvereva  ond  Severny,  1970)  and  a later  recovery  to  near  Its 
previous  Interflare  value,  but  Rust  (1976)  cites  many  examples  where  photo- 
spheric  fields  seem  not  to  have  changed  when  flares  occurred.  He  cautions, 
however,  that  most  sunspot  field  measurements  arc  typically  In  error  by  10— 

20*  or  500  Gauss  which  could  easily  mask  expected  changes.  Thus,  It  appears 
that  some  advances  are  required  In  observational  procedures  and/or  Interpre- 
tation before  unequivocal  flare  related  magnetic  field  changes  can  be  firmly 
established. 

1.2  Magnetic  Topology  and  Magnetic  Flux 

There  exists  considerable  evidence  that  major  flares  tend  to  occur  In 
magnetically  complex  regions  (Svestka,  1976)  similar  to  those  fields  gener- 
ated by  groups  of  magnetically  bipolar  pairs.  Since  the  motion  of  Individual 
lines  Is  usually  not  defined  uniquely.  It  seems  more  natural  to  study 
the  flux  of  field  lines  (^)  since  Its  time  changes  (d^/dt)  are  simply  voltages 
which  are  unique  and,  in  principle,  measureable.  Accordingly,  we  have  studied 
the  field  of  bipolar  spot  pairs  not  only  from  the  point  of  view  of  discrete 
field  lines,  but  have  shown  the  cellular  nature  of  flux  In  this  arrangement. 

A perspective  view  of  the  three-dimensional  flux  cells  is  drawn  in  Figure  1 
to  show  the  flux  topology  of  two  bipolar  spot  pairs  in  the  plane  of  the  photo- 
sphere. Cells  1 and  2 are  termed  parent  cells  while  3 and  3*  are  the  two 
parts  of  the  daughter  cell.  The  Intersection  of  the  separatrix  with  the  photo- 
sphere is  shown  as  the  darkest  pair  of  closed  oval  lines.  The  separatrix  is 
the  surface  separating  the  parent  and  daughter  flux.  The  separatrix  inter- 
sects Itself  al.ong  an  arched  curve  above  the  photosphere  called  the  separator 
(not  shown)  which  is  the  field  line  Joining  the  points  "a"  and  "b”.  The 
points  "a"  and  "b”  are  true  x-type  neutral  points  on  the  photosphere  but  there 
Is  a non-zero  field  component  everywhere  else  along  the  separator.  The  separ- 
ator is  a generalization  of  what  is  a neutral  line  (B  = 0)  In  two  dlmenalona. 
The  lighter  lines  are  Individual  photospherlc  field  lines  linking  the  north 
(N)  and  south  (S)  spots. 


Figure  1.  The  magnetic  topology  of  two  bipolar  spot  pairs  arbitrarily 

arranged.  The  darkest  curves  are  the  separatrlx  at  the  photo- 
sphere and  the  lighter  lines  are  discrete  field  lines.  The 
separatrlx  divides  the  flux  Into  cells  1,  2,  3,  3’  in  which  lines 
have  differing  connectivity.  Points  "a"  and  »b’*  are  x-type 

neutral  points  (B  s O)  and  are  the  foot  points  of  the  separator 
field  line. 


From  Paroduy's  law,  the  Induced  voltage  Vg  along  the  separator  measures 

the  rate  of  flux  transfer  from  parent  to  daughter  cells. 

With  solar  magnetic  codes  (c.g.  Schmidt,  196A),  It  Is  common  practice  to 
compute  the  total  flux  and  flux  disbalance  of  a solar  region  and  to  develop 
contour  maps  of  the  line  of  sight  magnetic  field  (B,).  However,  these  analyses 
do  not  compute  the  flux  within  the  various  cells  defined  by  the  separatrlx 
since  the  separatrlx  Itself  Is  not  computed.  It  should  be  apparent  from  the 
separatrlx  shown  In  Figure  1 as  well  as  from  the  pioneering  work  by  Sweet 
(1958)  that  the  separatrlx  passes  through  sunspots  so  that  the  flux  of  any 
given  spot  Involves  more  than  one  connectivity.  Hence,  In  determining  flux 
transfers  during  flares.  It  Is  necessary  to  measure  separately  those  fluxes 
which  reside  in  parent  and  daughter  cells.  Further.  It  seems  entirely  rea- 
sonable as  a first  step  to  know  the  cell  flux  content  In  the  potential  case 
which  represents  the  energy  ground  state  of  the  spot  fields.  Therefore.  In  this 
paper  we  will  derive  fields,  fluxes,  and  the  separator  height  for  colinear  spot 
pairs  using  the  point  charge  analogy.  While  spot  pairs  are  rarely  arranged  in 
a colinear  fashion,  it  has  occurred,  for  example,  during  a flare  of  September  7, 
1973  (Wu  and  Smith.  1977).  Further,  preliminary  observations  at  this  labor- 
atory (Baum  et  al..  1976)  indicate  that  magnetoplasma  processes  above  non- 
colinear  bipolar  solenoid  pairs  are  quite  similar  to  those  above  colinear  pairs. 
Hence,  it  is  appropriate  to  study  the  colinear  problem  a.  a guide  for  further 
Interpretation  and  experirosntation. 

2.  APPROACH 

Figure  2 shows  the  magnetic  topology  of  the  system  under  study.  We  con- 
sider two  bipolar  pairs  of  sunspots  arranged  in  the  order  NSNS  along  the  Z-axls 
The  outermost  spot  pairs  are  separated  by  the  distance  Zq.  The  separatrlx. 
shown  as  the  heavy  solid  curves  in  Figure  2.  appears  to  divide  the  flux  into 
four  cells  labelled  1-A.  If  the  spots  are  also  labelled  1-A  as  in  Figure  2. 
then  cell  1 contains  flux  linking  .pots  1 and  2.  cell-2  flux  links  spots  3 
and  A.  cell-3  flux  links  spots  2 and  3,  and  cell-A  flux  links  spots  1 and  A. 
Note  that  the  flux  In  cells  3 and  A represents  interconnected  (perhaps  recon- 
nected) flux  if  spots  1-2  and  3-A  are  “parental  palrs“  (Bratenahl  and  Baum. 

1976). 


Figure  2.  Four  point  sources  of  magnetic  flux  are  assumed  to  be  colinearly 
aligned  with  fields  in  the  order  NSNS.  The  overall  topology  is 
i schematically  shown  with  the  separatrlx  as  the  darker  lines.  The 

Y separatrix  defines  flux  cells  which  are  labelled  1 through  A.  The 

I configuration  is  cylindrically  symmetric  about  the  z axis  with  the 

I separator  (line  of  neutral  points)  located  along  z - o.  The  dis- 

( P - 0 to  the  separatrix  in  cell  1 is  used  to  compute 

the  flux  in  cell  1.  The  npots  M»  S.  N.  S are  labelled  1.  2.  3»  4 
from  left  to  right. 


The  rewulta  of  etralght-forward  ealculatlona  are  ahown  In  Figure  3 where 
the  relative  helghta  of  the  eeparator  (p^)  and  the  aeparatrlx  (p^)  and  the 
relative  fluxea  In  cella  I and  3 are  plotted  aa  functlona  of  o.  Given  obaer- 
vatlona  of  the  geometric  factora  o and  and  of  the  eunapot  flux  • /BjjdA, 
where  /dA  la  the  aunapot  urea,  we  are  able  to  compute  the  partition  function 
F 2 -tj  • 4»4  • "fro  “ relatively  complex  geometry  of  Figure 

2.  It  remalna  a challenge  to  compute  fluxea  and  partition  functlona  for  a more 
general  configuration  auch  aa  that  In  Figure  1. 

3.  DISCUSSION  AND  CONCLUSIONS 

We  now  attempt  to  ahow  how  a knowledge  of  the  cellular  fluxea  in  the 
potential  limit  may  be  uaed  to  eatimate  the  flare  energy  atored  in  the  pree- 
jnce  of  conducting  plaama.  If  this  ia  aucceaaful,  then  flare  energlea  can  be 
determined  from  a knowledge  of  the  photoapherlc  field  component  B||  alone. 

Storage  of  flux  and  free  magnetic  energy  to  drive  the  flare  proceaa 
can  come  about  through  (1)  a relative  dlaplacement  of  the  apota  (temporal 
change  In  a and/or  2c),  (11)  a change  In  apot  atrength  (temporal  change  In 
^o),  or  (111)  spot  gvoup  rotations  (not  analyzed  here).  In  the  absence  of  a 
conducting  plasma,  changes  (1)  and  (11)  simply  change  the  flux  partition  func- 
tion F according  to  Figure  3b.  Howc/cr,  In  the  presencv.  of  plasma,  as  we  shall 
presently  see,  these  changes  In  F cannot  take  place  jgarl  £asu  but  are  delayed. 
Flux  and  free  energy  AU^^  are  therefore  stored,  and  we  can  use  Figure  3b  as 
a basis  for  determining  this  flux  and  energy  storage.  Baum  et  al.  (1978a) 
showed  that  the  energy  and  flux  change  during  a large  flare  could  correspond 
to  only  a few  percent  of  the  total  energy  and  flux  of  the  field  threading  a 
bipolar  pair. 

In  Case  (1)  examination  of  Figure  3b  shows  that  a few  percent  change  In 
^ or  ^3  requires  only  a small  change  In  a (a  small  dlapli'cement) . For  Case 
(11)  with  constant  o,  (q  and  ♦a  are  directly  proportional  to  the  change  In  spot 
flux  (>o  (e.g.  a 1%  change  In  (>o  produces  a 12  change  In  and  ♦j).  The  small 
magnitude  of  the  changes  and  the  spatial  resolution  required  make  observations 

difficult. 

On  the  basis  of  laboratory  studies  (Bratenahl  and  Baum,  1976),  we  have 
acquired  some  knowledge  of  plasma  effects  In  reconnecting  systems.  The  pres- 
ence of  plasma  controls  the  rate  of  flux  transfer  Into  the  daughter  cell.  Thus 
with  plasma  present,  Faraday’s  law.  Ohm’s  law,  and  the  relation  A^  • LI  give 
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Figure  3 


(a)  Nonnaliaed  separatrlx  heighls  calculated  from  the  point  charge 
.x)del  are  plotted  as  a function  of  a.  <*  is  shown  in  Figure  2. 

The  lo%»er  curve  shows  the  separator  as  a function  of  o whereas 
the  upper  curve  shows  the  height  of  the  soparatrix  midway  between 
spots  1 and  2.  (b)  The  normalized  calculated  cellular  fluxes  are 

plotted  as  a function  of  o.  flux  in  the  half  space 

(y  1 0)  * single  spot.  is  the  flux  in  cell  1 and  ♦a  is 

the  flux  in  cell  3. 
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Here  I is  the  current  Induced  along  the  separator,  R ta  the  effective  resis- 
tance, L Is  the  Inductance  associated  with  the  current  path,  and  Is  the 
stored  flux  associated  with  I (not  to  be  confused  with  the  background  flux  of 
the  active  region).  On  the  other  hand,  with  no  plastna  present  the  rate  of 
change  of  flux  in  cell  3 la  dF/dt  which  is  greater  than  d^3/dt  by  the  amount 
d(A«)/dt: 

dF  d^a  d(A^)  /2 

dt  dt  dt  ' 

Hence,  the  equation  for  flux  storage  is 

<3 

dt  dt  L 


in  which 


iiE.  , 3E  3^  + iE  M + iE_  iSn. 

dt  " 34>o  3t  3o  3t  9Zo  3t 

acts  an  an  EMF.  Frotu  (3)  the  flux  storage  for  tiroes  t > ti  is  (assttroing 
d‘F/df^  - 0) 


(A) 


A*.  ^ 

• R 57 


dt  I 


(5) 


and  the  stored  energy  is 


All 


„ Mii 


m 


2L 


(h) 


The  details  of  the  tiroe  release  of  this  energy  are  presented  elsewhere  (Bauro 
et  al.,  1978b)  along  with  estimates  of  1-  and  R.  We  note  that  (5)  and  (A)  have 
the  asymptotic  flux  and  energy  storage  limits 


A«> 


L /^\ 

R^dt; 


and 


(7) 


(8) 


From  (1)  and  (7)  we  note  that  since  A*,  > 


-dF 

dt 


as  t ^ This  is  true 


for  all  times  t in  the  no-plasnu»  ease.  Hence,  the  plasma  reconnection  rate 
asymptotically  approaches  the  vacuum  rate. 
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In  (8)  we  note  that  the  energy  storage  capacity  la  proportional  to  the 
square  of  both  the  no-plasma  reconnection  rate  dP/dt  and  the  plasma  conductiv- 
ity. This  latter  condition  makes  It  evident  that  the  Integrity  of  the  energy 
storage  reservoir  depends  on  the  stability  of  the  conduction  mechanism.  Finally 
we  note  that  the  foregoing  no-plasma  cellular  flux  analysis  provides  the 
formalism  by  which  we  can  compute  the  energy  available  for  flares  In  terms  of 
changes  in  the  parameters  describing  spot  strengths  and  their  geometrical 
arrangement . 

In  the  potential  limit  by  Faraday's  law  the  vacuum  separator  voltage  may 
be  calculated  from  the  time  rate  of  change  of  flux.  This  was  used  as  a driv- 
ing EMF  in  calculating  the  separator  electric  field  of  reconnecting  plasma 
systems  and  in  computing  the  stored  flare  energy.  The  results  will  be  of  use 
in  testing  modified  numerical  solar  magnetic  flux  codes  capable  of  computing 
cellular  flux  and  their  changes  Further,  the  results  will  be  valuable 

In  comparing  with  further  laboratory  data  on  bipolar  pairs. 

It  is  now  important  to  look  for  correlations  between  cellular  flux  changes 
and  flares  rather  than  observing  the  less  sensitive  active  region  flux  changes. 
To  this  end  it  would  be  appropriate  (1)  to  develop  a general  computer  code  to 
compute  such  fluxes  and  (2)  to  assure  that  the  solar  probe  will  provide  magnet- 
ogram measurements  of  B||  (and  if  possible)  to  supply  accurate  data  for  the 
new  analysis.  The  applied  analysis  provides  a new  tool  for  use  in  attacking 
the  flare  problem  as  called  for  in  the  "Colgate  report"  (Colgate,  1978). 

Finally  It  should  be  noted  Chat  while  the  present  example  assumes  that  the 
solar  field  emanates  from  four  sunspots,  that  is  not  a requirement  of  this  model 
So  long  as  Che  spatial  distribution  of  B||  is  known  at  several  times,  the  method 
can  be  generalized  to  arbitrary  field  distributions. 
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1.  Introduction 

The  energy  spectra  and  composition  of  particles  escaping  from  the  Sun  provide 
not  only  essential  Information  on  mechanisms  responsible  for  their  acceleration, 
but  may  also  be  used  to  characterize  the  regions  where  they  are  accelerated  and 
confined  and  through  which  they  propagate.  The  supratherraal  energy  range,  which 
extends  from  solar  wind  energies  H KeV)  to  about  1 MeV/nucleon,  Is  of  special 
Interest  to  studies  of  non-thermal  acceleration  processes  because  a large  fraction 


of  particles  is  likely  to  be  accelerated  Into  this  energy  range.  One  finds 
evidence  for  this  In  observations  carried  out  near  earth. 

No  direct  measurements  exist  of  suprathermal  Ions  escaping  from  the  Sun.  Even 
If  such  Ions  are  able  to  reach  the  orbit  of  earth.  Interplanetary  processes  will 
have  modified  their  compositlot  and  energy  spectra  to  such  an  extent  as  tw  erase 
most  of  the  Information  they  carried  about  processes  on  the  Sun.  The  Solar  Probe 
Mission  thus  offers  a truly  unique  opportunity  to  observe  these  Ions  and  to  study 
their  characteristics.  Some  of  the  basic  questions  we  need  to  examine  are:  Is 
there  an  extended  supratherraal  tall?  What  are  Its  characteristics?  More  speci- 
fically, how  much  and  what  material  Is  accelerated  to  these  suprathermal  energies? 
How  Is  It  accelerated  and  where?  Is  this  acceleration  occurring  all  the  time  or 
Is  It  transient?  How  much  energy  is  transferred  by  these  Ions  and  where  Is  this 
energy  dumped? 

2.  Suprathermal  Ion  Measurements  near  1 AU 


Before  turning  to  a more  detailed  discussion  of  scientific  objectives  for  Ion 
studies  we  will  review  briefly  our  knowledge  of  particles  In  the  suprathermal 
energy  range  based  on  observations  made  near  earth.  During  times  of 
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no  solar  activity  and  when  the  local  Interplanetary  medium  Is  sufficiently 
unperturbed  one  observes  the  energy  spectra  shown  In  Fig.  1 (Mason  a],, 

1977.  1978).  Below  1 NeV/nucleon  the  differential  energy  spectra  of  pro* 
tons,  He,  C and  0 are  rising.  The  relative  abundances  these  species  are 
basically  similar  to  the  solar  system  composition.  Notice  that  the  obser- 
vations stop  at  a few  hundi^  KeV/nucleon.  Most  of  the  suprathermal  region 
Is,  In  fact,  at  present  unexplored  even  at  1 All.  The  origin  of  these  par- 
ticles Is  unknown,  although  It  Is  believed  that  they  may  be  accelerated  In 
the  Interplanetary  medium. 

Following  a solar  flare,  sub-MeV  particles  accelerated  at  the  Sun  begin 
arriving  at  earth,  and  reach  their  Intensity  about  a day  after  the  onset  of 
the  flare.  In  Fig.  2 are  shown  the  energy  spectra  of  such  sub-MeV  Ions 
averaged  over  a one  day  period  around  maximum  Intensity  following  a 3 N,  M64 
flare  on  June  8,  1974  (Sclambi  et  al_,  1977).  In  this  case  the  spectra  of 
He  and  CNO  particles  are  flat  at  low  energies.  This  flattening  may  be  re- 
lated to  the  acceleration  process  at  the  Sun.  The  energy  spectra  observed 
following  smaller  flares  are  generally  steeper. 

The  relative  abundances  are  observed  to  be  variable.  For  example, 
values  of  the  ratio  of  He  to  CNO  at  40  KeV/nucleon  vary  from  one  event  to 
the  next  and  may  be  as  low  as  2 or  as  high  as  20  (Sclambi  et  jfL,  1977). 

Such  variability  may  again  reflect  conditions  at  the  acceleration  site.  The 
relative  composition  also  varies  on  a shorter  time  scale  during  a given 
flare  particle  event  (Armstrong,  et  al,  1976)  as  Is  Illustrated  In  Fig.  3, 
taken  from  Scholar  et  a^,  1978.  The  top  panel  shows  the  Intensity  of  oxygen 
following  the  June  8 solar  flare.  The  middle  and  lower  panels  show  the  rela- 
tive abundancles  of  Fe/0,  C/0  and  He/H  as  a function  of  time  at  0.6*1*0  MeV/nucleon 
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PlRure  1.  Differential  energy  spectra  of  protons,  helium,  carbon,  and 
oxygen  during  ’’quiet  tln»e”  near  I dW.  In  the  suprathermal  energy  range 
the  spectra  Increase  vlth  decreasing  energy. 


Figur*  2.  Proton,  helium,  and  CHO  apactra  for  the  June  8,  1974,  aolar 
particle  event.  Both  the  helium  and  medium  group  spectra  show  a flattenina 
at  lower  energies. 
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Plpure  3.  Te-nporal  variations  in  (a)  the  intensity  of  0.6  - 1.0  MeV/nucleon 
oxygen,  (b)  the  Fe/o,  C/b,  and  o/p  ratios  at  0.6  - i.o  MeV/hueleon,  and  (e> 
the  Fe/o  and  C/O  ratios  at  1.0  - 1.6  MeV/nucleon  during  the  June  8,  1974 
solar  particle  event.  * 


and  1. 0-1.6  WeV/nucleon  respectively.  Notice  the  large  changes,  particularly 
In  the  Fe/0  ratio,  during  this  event.  It  Is  not  clear  whether  these  variations 
reflect  changing  conditions  In  the  acceleration  regions  or  are  due  to  propa- 
gatlonal  effects. 

In  a sizable  fraction  of  solar  flare  particle  events  the  composition 

Is  quite  unusual.  He  Is  observed  to  be  enormously  enriched,  often  exceeding 

the  abundance  of  ^He  and  approaching  that  of  protons  (see  for  example 

Gloeckler,  1975  and  references  therein).  An  example  of  this  Is  shown  In 

Fig.  4 (Hovestadt,  private  communication)  where  for  a small  solar  flare  event 

on  Hay  8,  1974  are  plotted  the  spectra  of  H,  ^He  and  ^He.  Notice  the  large  abun- 
3 4 

dance  of  He  compared  to  He  and  protons.  Almost  without  exception  such 

3 

He  rich  flares  also  have  enriched  abundances  of  heavier  elements  (Hovestadt 
et  al.  1975),  In  particular  of  Iron.  This  Is  Illustrated  in  Fig.  5 where 
the  Iron  spectrum  Is  seen  to  extend  down  to  %10  KeV/nucleon  and  Its  abundance 
Is  comparable  to  that  of  oxygen  (Gloeckler  et  al,  1976).  In  such  “Iron-rich- 
events  one  generally  finds  low  C/0  ratios.  To  explain  the  ^He  and  Iron  ano- 
malles  In  solar  flare  particle  events  one  can  suppose  either  strong  composi- 
tional Inhomogeneities  In  the  corona,  or  look  for  preferential  heating  and/or 
acceleration  of  certain  Irns.  In  fact,  Fisk  (1977)  has  proposed  a plasma 
mechanism  which  Is  able  to  heat  ^He  and  some  Ions  of  Fe  and  preferentially 
Inject  these  Ions  Into  the  flare  acceleration  process. 

In  contrast  to  the  enormous  variability  one  finds  In  the  Isotopic  and 
chemical  compositions  of  solar  flare  particles,  Sclambi  et  al  (1977)  find 
that  the  observed  charge  states  of  sub-MeV  solar  carbon  and  oxygen  show  a 
consistent  absence  of  any  variability  with  either  energy,  time  or  from  one 
event  to  the  next.  The  mean  charge  states  observed  for  C and  0 are  5.7  and 
6.2  respectively,  and  are  quite  similar  to  those  for  the  solar  wind. 
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Differential  energy  spectra  of  protons.  ^He  and  V (dashed 
curve)  for  the  May  8,  1974  ^He-rich  event.  Comparing  the  ^He 
and  V spectra  one  observes  that  the  ^He/Se  ratio  decreases 
with  decreasing  energy. 
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rvidence  for  InterpUneUry  occoforotton  of  Ions  to  enerples  up  to  a 
feu  HeV/nucleon  Is  provided  In  the  observations  of  energetic  stone  particl 
events  (ESP)  and  In  co-roMtlng  particle  streams.  ESP  events  are  associated 
ulth  Interplanetary  shock  waves  which  often  accompany  tolar  flares.  Parti- 
cles  In  co-rotating  streams  are  generally  believed  to  be  accelerated  In  co- 
rotatlng  stream-stream  InWractlon  regions  which  are  a co»on  feature  of  the 
Interplanetary  medium  beyond  several  AU's.  Analysis  of  the  characteristic 
energy  spectra  and  composition  of  particles  In  these  events  at  well  as  of 
the  systematic  changes  observed  In  these  parameUrs  should  lead  to  the  Iden- 
tification and  better  undersUndIng  of  the  acceleration  mechanisms  Involved. 

3,  studies  of  Suorathermal  lens  on  the  Solar  Probe  ^acecraft 

Returning  now  to  studies  of  Ions  on  the  Solar  Probe  Mission  we  can 
list  two  broad  problem  areas:  The  first  Is  concerned  with  the  acceleration 
of  particles  at  the  Sun  and  regulres  observations  of  Ions  below  -.lO  R «. 

The  second  set  of  problems  1$  directed  at  evamlning  physical  processes  In  the 
Inner  heliosphere,  primarily  within  a heliocentric  radius  of  ■:.0.5  AU.  In 
Table  1 aro  listed  some  of  these  guestlons  and  the  types  of  measurements  which 

are  required  for  their  resolution. 

It  Is  Important  to  establish  the  location  of  acceleration  regions  and 
to  characterlie  the  conditions,  such  as  temperature,  density,  plasma  wave 
fields,  etc.  In  these  regions.  For  e»ample.  are  suprathermal  Ions  accele- 
rated In  regions  where  the  solar  wind  Is  believed  to  originatet  A detailed 
comparison  of  the  composition  and  charge  states  of  the  solar  wind  with  simul- 
taneous and  similar  measurements  of  suprathermal  particles  Is  required  as 
well  as  observations  of  how  these  distributions  change  with  energy.  Probing  the 
nature  of  acceleration  processes  again  requires  a measurement  of  the  energy 
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spectra  of  a number  of  ion  species.  Our  observations  near  earth  Indicate 
considerable  variability  in  the  composition  of  flare  particles.  Are  there 
similar  and  perhaps  related  compositional  variations  in  the  suprathermal  ion 

population  near  the  Sun?  How  do  these  in  turn  reflect  compositional  inhomo- 
geitles  in  the  s ar  corona? 

The  second  category  Includes  studies  of  statistical  and  shock  accelera- 
tion processes  in  low  beta  plasma  regions.  (Beta  is  expected  to  decrease 
from  -vi  at  1 AU  to  in  the  lower  corona.)  Interplanetary  effects  on 
suprathermal  ions  are  particularly  Important  and  can  be  studied  by  comparing 
measurements  made  on  the  Solar  Probe  spacecraft  with  similar  observations  at 
-vl  AU.  We  can  learn  much  about  the  propagation  of  particles  in  the  Inner 
heliosphere  by  examining  radial  gradients,  anisotropies  and  adiabatic  energy 
losses  of  a number  of  representative  ion  species  as  a function  of  energy. 


The  instrumentation  for  carrying  out  the  required  suprathermal  ion  mea- 
surements must  be  sufficiently  flexible  to  operate  under  all  conceivable  con- 
ditions likely  to  be  encountered  in  an  exploratory  mission.  In  Table  2 are 
listed  some  of  the  necessary  capabilities  of  an  ion  composition  experiment 
on  the  Solar  Probe  Mission.  The  energy  range  should  extend  from  that  of  the 
solar  wind  to  about  1 MeV/charge.  It  Is  essential  to  have  a large  Intensity 
dynamic  range.  Energy  spectra  of  various  ions  should  be  measured  with  a 
resolution  of  less  than  10%  to  resolve  spectral  features.  The  charge  and 
mass  resolution  should  be  sufficient  to  identify  charge  states  of  major  ele- 
ments up  to  Fe  and  at  least  the  He  Isotopes. 

The  instrument  should  have  a high  degree  of  immunity  to  background  and 
have  provisions  for  some  degree  of  on-board  data  compression  and  storage  to 

reduce  telemetry  requirements.  Limits  on  weight  and  power  will  be  additional 
constraints* 
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TABLE  2. 


REQUIRED  ION  MEASUREMENTS  ON  TME 

SOLAR  PRQBE  mSSIQN 


Energy  Range  of  Ions 
Intensity  Dynamic  Range 


3 - 1000  KE  V/Q 


Resolution 

-energy: 

-time: 

-CHARGE  states: 
-MASS : 


ae/e  ^.1 

^ 1 SEC  TO  1 MIN 

MUST  RESOLVE  CHARGE  STATES  OF 
MAJOR  ELEMENTS 

MUST  RESOLVE  ELEMENTS  UP  TO  FE/ 
AND  ISOTOPES  ^He  AND  **1^ 


Other  Requirements 

-BACKGROUND  IMMUNITY  TO  SI6  AND  ENERGETIC  PARTICLES 

-ON-BOARD  DATA  REDUCTION  TO  REDUCE  TELEMENTRY 
REQUIREMENTS  TO  50-100  BPS 

-MUST  OPERATE  AT  RELATIVELY  HIGH  TEMPERATURES  (^l5-50*  C) 


Problem  Areas 

-SUNWARD  LOOK  DIRECTION 

-ANISOTROPY  MEASUREMENTS  ON  A NON-SPINNING  SPACECRAFT 
-THERMAL  DESIGN 


), 


> 

} 


Vi 
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The  major  problem  areas  which  are  apparent  at  this  time  are  how  to 
achieve  the  required  sunward  look  direction » and  how  to  perform  within  the 
weight  constraints  anisotropy  measurements  on  a non*sp1nn1ng  spacecraft. 

The  thermal  design  of  all  Instruments  on  this  spacecraft  Is  likely  to  be  a 
major  concern. 

An  Instrument  which  could  meet  the  requirements  listed  here  Is  repre- 
sented schematically  In  Fig.  6 (see  Gloeckler  (1977)  for  a more  detailed 
description).  It  consists  of  an  electrostatic  deflection  system*  modest 
post  acceleration  and  a time  of  flight  vs.  energy  system.  Briefly,  an  Ion 
characterized  by  energy  E*  charge  q and  mass  m enters  the  curved  deflection 
system  driven  by  a stepped  voltage  V^.  Only  Ions  which  have  tM  appropriate 
E/q  ratio  are  able  ♦ exit  the  deflection  system  at  any  given  time.  After 
post-acceleratlor  ;he  Ions  enter  the  TOP  system  consisting  of  a start  and 
stop  detector  separated  by  *vlO  cm.  The  Ion  signals  Its  passage  through  the 
start  detector  by  emitting  secondary  electrons  from  surfaces  of  a thin  foil 
which  are  then  detected  by  a microchannel  plate  assembly.  Similarly*  the 
stop  signal  Is  provided  by  secondary  electrons  emitted  from  the  surface  of 
a solid  state  detector  which  Is  also  used  to  measure  the  energy  of  the  Ion. 

As  Is  Indicated  at  the  bottom  of  the  figure*  It  Is  possible  to  determine  E* 
q*  and  m of  the  Incoming  Ion  by  combining  the  Information  provided  by  simul- 
taneous measurements  of  the  time-of-fllght  and  energy  with  the  knowledge  of 
the  deflection  and  post-acceleration  voltages. 

A possible  configuration  of  the  Instrument  Is  shown  In  Fig.  7.  In 
this  configuration  two  deflection  systems  are  used  to  obtain  the  required 
energy  range  and  to  provide  simultaneous  measurements  at  two  energies  at 
any  given  time.  (This  system  could  also  be  used  to  measure  the  solar  wind 
composition.)  The  compact  TOP  system  may  be  shielded  to  provide  high  degrees 
of  Immunity  to  background  due  to  large  fluxes  of  energetic  particles. 
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Fijure  6.  Schematic  representation  of  the  measurement  technique  for  suprathermal  ions. 
Pest -acceleration  is  required  at  the  low  end  of  the  suprathermal  energy  rapge. 
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Figure  7.  Simplified  croee -section  of  s auprathermal  ion  detector  ehlch 
includes  post -acceleration  and  two  electrostatic  deflection  analyserst  i 

(1)  multi-slit  focusing  collimstorj  (2)  electrostatic  deflection  ana-  1 

(3)  acceleration  and  deflection)  (4)  rectangular  solid  state  | 

detector)  (5)  carbon  foils)  (6)  chevron  microchannel  plate  esseablles)  aj 

and  (7)  housings  for  fast  electronics.  ] 
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A possible  solution  for  achieving  both  a sunMard  view  directions  and 
two  dimensional  anisotropy  measurements  Is  Illustrated  In  Fig.  8 which 
shows  a schematic  representation  of  the  Solar  Probe  Spacecraft  and  the  Ion 
Composition  Experiment.  The  entrance  aperture  of  the  Instrument  looks  Into 
a larger  deflection  sy^^  consisting  of  an  electrically  grounded  outer 
grid,  a segmented  Inner  ^flection  plate  and  a grounded  support.  Segments 
of  the  Inner  deflector  places  are  turned  on  electrically,  thus  selecting  the 
look  d1  lection.  With  all  segments  turned  on  one  would  look  Into  the  sunward 
direction,  with  all  segments  off  the  Instrument  would  view  the  anti -solar 
direction.  On  a spacecraft  with  a spinning  section  this  scheme  would  permit 
3 dimensional  anisotropy  measurements.  Without  a spinning  section,  some  3 
dimensional  anisotropy  measurements  could  still  be  made  by  placing  a cluster 
of  simple  Ion  telescopes  with  carefully  chosen  view  directions  on  the  side 
opposite  to  the  main  Instrument. 
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I.  Introduction 

The  Solar  Probe  Mission  can  obtain  unique  and  crucially  ii^rtant 
neasurements  of  electron  acceleration,  storage,  and  propagation  processes 
in  the  corona.  In  addition,  electron  oeasurenents  on  Solar  Probe  can 

0 novel  way  to  probe  the  nagnetlc  field  structure  of  the  corona 
below  the  spacecraft.  We  describe  the  various  energetic  electron  phenom- 
ena which  will  be  sampled  by  the  Solar  Probe  and  then  suggest  some  new 
techniques  to  probe  coronal  structures. 

II.  Coronal  Electron  Phenomena 
Quiet  time  electrons 

Figure  I shows  the  spectrum  of  electrons  at  solar  quiet  time 
observed  in  the  near-earth  Interplanetary  medium  (Lin  et  al. , 1972) . Solar 
wind  electrons  make  up  the  lowest  energy,  si  keV  portion  of  the  spectrum. 
Electrons  from  a few  hundred  keV  to  'MLO  MeV  apparently  are  of  Jovian 
origin.  Above  '•10  MeV  is  the  cosmic  ray  electron  population.  However, 
the  origin  of  a few  keV  to  a few  hundred  keV  electrons  is  unknown.  It 
seems  likely  these  are  solar,  perhaps  originating  in  some  quasi-contlnuous 
acceleration  process  near  the  sun.  Electron  measurements  on  Solar  Probe 
should  help  to  discover  their  origin. 

Storms  of  type  III  bursts  (Fainberg  and  Stone,  1970)  are  a phenomenon 
which  appear  to  be  unique  to  the  hectometrlc  wavelength  0. 3 to  3 MH^  radio 
range  (Figure  1).  These  wavelengths  correspond  to  coronal  distances  of 
s few  to  a few  tens  of  solar  radii.  In  these  storms  both  fast  drifting 
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typ.  Il-Uk,  b»r.t.  und  und.tlyl„g  conttnuu.  are  obeerved.  The  burete 
occur  on  the  average  about  onca  every  10  aec  at  a fau  Mgc)  tana  to  hundreda 
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o(  thott««idt  occur  in  « typical  otoca.  Tho  ototM  oppoor  to  bo  oooociotod 
with  oetivo  roglono  oad  typo  I noloo  otorao  ot  highor  froguoncioo*  oad 
they  ore  o coonon  phenomnon  ot  tlaoo  of  onhoncod  oolor  octlvlty*  Under 
current  plena » the  Solor  Probe  will  pooo  right  through  the  type  III  otom 
helghto  ot  tlneo  neor  color  aoxinun,  thuo  peraittlng  In  oitu  oboervotlono 
of  the  type  III  utem  electron  occelerotion  proceoa* 


Figure  2.  A 30-mln  segnent  of  data  of  o oolor  atom  of  type 
III  bursts  neor  (3(P.  The  drift  in  frequency*  United  burst 
bandwidth*  and  large  numbers  of  small  bursts  con  be  oeen 
(Falnberg  and  Stone*  1970). 


Impulsive  electron  acceleration;  flares  and  type  111  bursts 

2 

Electron  acceleration  to  ^*10>10  keV  coamonly  occurs  during  the 
flash  phase  of  even  small  flares  and  oubflares.  Type  III  bursts  Indicate 
that  Impulsive  electron  acceleration  occute  perhaps  at  a lower  intenalty 
level*  even  more  frequently  than  do  flares  (although  some  optical  activity 
la  usually  observed  to  accMpany  these  bursts).  The  accelerated  electrons 


which  etecpe  are  observed  In  the  Interplanetary  nedlun  (Figure  3),  but 
usually  not  before  subetantlal  Interplanetary  scattering  and  diffusion 
of  the  particles  has  "erased"  most  Information  on  the  temporal  and  pitch 
angle  structure  of  the  acceleration  and/or  escape  processes*  Even  for 
"scatter-free"  events* just  the  vu)  :y  dispersion  at  these  energies  Is 
sufficient  to  erase  the  available  tonporal  Information*  Prom  analysis 
of  the  diffusion  characteristics  of  these  electron  events*  It  appears  that 
Interplanetary  scattering  and  diffusion  occur  well  outside 
Thus*  the  Solar  Probe  mission  provides  a unl<|ue  opportunity  to 
observe  the  toiporal  and  angular  structure  of  the  acceleration  free  from  the 
"curtain"  of  Interplanetary  propagation*  Hard  x-ray  and  type  III  burst 


Figure  3*  TWo  electron  events  observed  at  >45  keV  energies 
(from  Lin*  1974)* 
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obfforvatlons  (see  Figure  4)  tndleete  ehet  the  eceeleretlon  tlae  eeelM 
ere  typicelly  eeeende.  The  Soler  Probe  et  distenees  lese  then  't/  ten 
solar  redil  nay  see  the  accelerated  and  escaping  electrons  unaffected  by 
scattering*  As  described  in  section  II • such  observations  can  provide 
Infometlon  on  the  location*  density,  nagnetic  field  strength,  of  the 
acceleration  region,  and  detailed  infomstion  on  the  tenporal  end  spectral 
behavior  of  the  acceleration  process. 

Particle  storage  in  the  upper  corona 

Observations  of  the  bursts  (Figure  5)  at  frequencies  extending 
dovn  to  si  HRs  Indicate  that  loop  structures  are  present  out  to  ^35  R^. 
These  loops  are  likely  to  be  transient  phenomena,  but  baaed  on  the  Skylsb 
coronagraph  results,  loop  transients  of  this  type  should  occur  very  fre-^ 
quently  (a  f«r  per  day)  near  solar  maximum.  Loop  structures 
into  the  upper  corona  where  ambient  densities  are  slO^cm*^  provide  excel- 
lent  long  term  storage  regions  for  energetic  electrons  and  ions.  It  is 
possible  that  the  bulk  of  the  10—10^  keV  electrons  accelerated  in  rh* 
impulsive  phase  of  the  flare  escape  to  these  regions.  This  would  be  con- 
sistent with  die  thin-target  Interpretation  of  the  hard  x-ray  «w>ffftcn  (Dat- 
low  and  Lin,  1973).  Also,  there  is  substantial  evidence  from  par- 

ticle observations  that  storage  and/or  continual  acceleration  often  occurs 
near  the  sun.  Because  the  density  is  low,  energetic  electrons  in  these 
regions  will  be  effectively  invisible  from  the  earth.  The  passage  of 
Solar  Probe  through  these  regions  nesr  solar  maximum  should  have  an 
excellent  chance  of  intersecting  these  storage  regions. 
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Figure  S.  (a)  Dynaslc  epectrim  of  a hactoaater  U 
burst*  MuMbers  on  the  figure  Indicate  Intensity  in 
decibels  relative  to  cosale  noise  background.  Mote 
the  frequency  limit  of  the  return  branch,  (b)  The 
aagnetlc  bottle  Inferred  from  the  U burat*  The  model 
Is  based  on  the  BAE-1  density  scale  and  an  assumed  ex- 
citer speed  of  0.3  c.  Bars  on  the  figure  show  the  po- 
sitions determined  from  the  dynamic  spectrum  relative 
to  the  start  of  the  burst  (Stone  end  Falnberg*  1971). 


Shocks  and  second  stage  acceleration 


Current  evidence  suggests  that  energetic  Ions  and  relativistic 
electrons  are  accelerated  by  shock  waves  In  a second  acceleration  stage 
following  the  Impulsive  phase  of  large  flares  (see  Lin,  1974  for  review) 
The  observations  of  type  II  bursts  and  associated  type  III  bursts  and 
"herring  bone"  structure  are  strong  evidence  for  electron  acceleration 
by  shocks  In  the  corona.  Type  II  bursts  have  been  observed  to  11  HRs 
(Figure  6)  and  the  shock  waves  are  often  observed  near  1 A.U.  several 


UT.JUNE  30.1971 


Figure  6.  The  first  type  II  radio  burst  to  be  observed 
at  frequencies  below  the  Ionospheric  cutoff  occurred  on 
June  30,  1971;  a tracing  made  from  the  Intensity  contour 
plot  of  the  IMP-6  radio  data  Is  shown  here  (Malltson  ^ al 
1973).  The  shaded  portion  of  the  record  at  the  lower  fre- 
quencies represents  magnetospherlc  noise. 


days  later.  lone  ere  often  obaerved  to  be  accelerated  by  theae  Inter- 
planetary ahocka  to  'wWO  MaV  energlea.  Although  theae  shock  type  II 
radio  burst  events  are  relatively  rare  even  near  solar  naxlnua  ('wfew/ 
iDonth)  the  direct  in  altu  observations  of  such  an  event  near  the  sun  would 
go  far  toward  Identifying  the  speeinc  processes  by  which  particles  are 
accelerated  to  very  high  energies  by  the  sun.  It  would  be  useful  to  have 
sone  shock  observations  even  at  distances  of  tens  of  solar  radii.  Clearly 
the  chances  of  observing  a shock  event  would  be  increased  by  a short  or- 
bital period  (s  1 year)  for  the  solar  probe. 

I1I«  Biaetron  Heaeurenents  on  Solar  Probe 

As  the  Solar  Probe  mission  approaches  the  sun  the  integrated  effects 
of  pitch  angle  scattering  arid  diffusion  In  fee  Interplanetary  medium 
eventually  become  negligible  compared  to  the  effect  of  the  m^etlc  field 
divergence.  Then  the  motion  of  charged  particles  can  be  described  as 
essentially  adiabatic.  Conservation  of  the  first  adiabatic  Invariant 
than  implies  that  the  pitch  angle,  o,  of  a charged  particle  Is  related 
to  the  field  at  every  point  In  Its  trajectory  by  the  equation 

. 2 

— 2.  • constant 

B 

Figure  7 is  a schematic  illustration  of  tfeat  would  be  observed 
by  the  Solar  Probe  if  it  was  in  this  adiabatic  region  when  an  impulsive 
electron  acceleration  event  ouch  as  a flare  or  type  111  buret  occurs.  Sos 
of  the  downward  moving  particles  would  reach a dense  region  of  the  solar 
atmosphere  where  they  would  produce  hard  x-rays.  These  would  be  observed 
by  x-ray  detectors  at  tlia  Solar  Probe  with  the  time  delay  Indicate  In 
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Figure  7.  Scheutic  illustration  of  an  Inpulslve  acceleration 
event  (above)  and  observations  by  Solar  Probe  (below). 
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^ Figure  7.  K rudlaentery  herd  x>>rey  laeging  defcecfcor  could  locate  thie 

t region  on  the  eolar  dlak.  A abort  tine  later  the  upward  moving  electrone 

would  be  obeerved  going  by  the  aatelllte  If  the  propagation  condltlone  are 
j favorable.  The  flrat  arriving  partlelea  are  thoae  with  the  analleat 

pitch  angles.  Eventually,  as  Illustrated,  the  particles  originally  accelera- 
j ted  with  90^  pitch  angles  arrive  with  the  naxlnua  pitch  angle  of 

* are  sin  ( VB~/B  ).  The  particles  which  originally  were  headed 
toward  the  surface  and  were  mirrored  by  the  stronger  fields  near  the 
I surface  are  observed.  However,  these  have  a minimum  pitch  angle  of 

a.  " arc  sin  ( ^ B /B  ) due  to  those  downward  moving  particles  with 
small  pitch  angles  which  were  able  to  reach  low  enough  altitudes  to  be 
lost  by  Coulomb  collisions  (a^  Is  commonly  known  as  the  loss  cone  angle 
In  magnetospheric  studies).  Thus,  the  magnetic  field  strength  in  both 
the  acceleration  and  loss  regions  can  be  obtained.  The  field  lines  can 
be  traced  by  comparing  the  hard  x-ray  source  position  to  the  spacecraft 

,1  poaltlon.  Comparison  of  the  timing  of  the  x-ray  and  electron  pulses  gives 

} 

the  distances  along  the  field  line,  1 and  L.  By  observing  different 
energy  particles  the  magnetic  field  strength  at  different  stopping  altitudes 
will  be  sampled.  Also  the  presence  of  paralleil  electric  fields  can  be 
detected  from  comparing  the  pitch  angle  distribution  for  different  energy 
particles.  Finally,  the  question  of  %ihether  low  energy  protons  are  also 
simultaneously  accelerated  In  these  Impulsive  events  Is  likely  to  be  re- 
aolved  since  close  to  the  sun  ( $10  R^)  the  effects  of  propagation  - velocity, 
dispersion,  scattering  and  energy  changes  - should  be  Insignificant. 

Figure  8 Indicates  the  energy  loss  range  and  travel  tines  of  electrons 

3 

and  Iona  of  *vl  to  10  keV  energy.  Also  Indicated  are  the  approxlaata 
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colunn  densities  traversed  during  their  travel  down  to  various  heights  in 
the  corona.  Based  on  Figure  8 it  appears  that  field  line  lengths  can  be 
measured  by  electrons  to  •vO.l  and  the  solar  atmosphere  and  its  magnetic 
field  can  be  probed  from  below  the  transition  region  to  >1  height  in  the 
corona  by  using  different  energy  particles. 

It  is  also  possible  to  probe  the  corona  in  the  absence  of  impulsive 
events.  The  pitch  angle  distribution  for  quiet  time  particles  should  also 
show  a loss  cone  related  as  above  to  the  field  strength  at  the  particle 
stopping  height.  These  determinations  of  the  coronal  field  strength 
can  be  used  to  map  the  coronal  magnetic  field  and  determine  whether  the 
field  at  the  spacecraft  originates  in  the  weak  or  strong  solar  surface 
field  regions. 

Based  on  the  frequencey  of  electron  acceleration  in  flares  and  type  III 
bursts  near  solar  maximum  we  expect  that  tens  of  events  will  be  observed 
by  Solar  Probe  in  a single  passage  inside  10  R . Furthermore,  the  particle 
fluxes  from  an  impulsive  event  should  be  intense  enough  for  these  measure- 
ments  since  they  scale  as  R . However,  as  indicated  by  Figures  7 and  8, 
the  time  scales  are  short  so  that  data  storage  and/or  high  telemetry  bit 
rate  will  be  required. 
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Abatract 

Ftmdaaantal  quaatlona  about  aolar  flara  phenonena  can  ba  anawared  by  tha 
atudy  of  energetic  particles  in  apace.  In  thia  paper,  representative  seta 
of  recent  experlaental  results  and  theoretical  studies  are  very  briefly 
sunaarised  to  show  the  current  knowledge  of  energetic  particle  phenooena  based 
aainly  on  observations  near  1 AD.  It  is  showa  that  infomation  on  the 
properties  of  the  source  region  and  acceleration  processes  deduced  from 
observations  of  particles  with  energy  > 1 MeV  is  essentially  linited  by  a lack 
of  knowledge  of  the  coronal  storage  and  particle  escape  into  the  Interplanetary 
medium.  Moasursments  close  to  the  sun  of  quantities  such  as  particle  spectra, 
charge  and  isotopic  composition,  and  the  flow  of  particles  as  a function  of  time, 
together  with  measurements  of  the  plasma,  magnetic  field,  X<-rays,  and  y-rays 
will  not  only  reveal  the  properties  of  the  source  region  and  acceleration 
mechanisms  but  will  also  provide  a better  knowledge  of  the  physics  of  the  corona. 

In  addition,  these  measurements  may  reveal  the  existence  of  large  scale  Inhomo- 
geneitles  in  tha  solar  corona. 

The  general  requirements  for  making  these  meamrementa  on  the  Solar  Frobe 
are  listed.  An  energetic  particle  detector  system  which  has  tlM  capability  of 
resolving  the  charge  and  Isotopic  composition  up  to  50  MeV/nucleon  may  succesafully 
measure  the  above  quantities  provided  that  it  can  perform  under  both  very  low  and 
average  Intensity  levels.  The  time  of  encounter  with  the  Sun  with  respect  to  the 
solar  cycle  as  wall  as  tha  total  time  spent  In  the  very  Inner  solar  system  are 
Important  factors  in  the  probability  of  observing  a solar>flare-associatad  event. 
Alternative  maasuremants  in  tha  event  of  non-flare  conditions  are  also  listed. 

*Also  University  of  Maryland,  College  Park,  Maryland  20742 
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I*  Introduction 

Obiorvntlono  of  enorgotie  particle  populations  provide  Information  on  the 
nature  of  the  source  region  as  well  as  on  the  acceleration,  Injection,  and 

P*^oc**aes.  For  solar  cosmic  rays,  the  charge  composition  and,  to  a 
leaser  extent,  the  energy  spectra  measured  at  1 AU  can  provide  Information  on 
both  the  properties  of  the  source  region  and  the  nature  of  the  acceleration 
procesa.  Isotopic  composition  measured  at  1 AU  can  also  give  Information  on  the 
dynamics  of  the  source  region.  However,  the  quality  of  the  Information  on  those 
processes  deduced  from  observations  at  1 AU  Is  strongly  dependent  on  the  distort 
tlon  of  the  observed  quantities  by  the  Injection  process  and  storage.  Little  Is 
known  about  the  nature  of  the  Injection  process  and  possible  coronal  storage. 
Studies  of  the  time  histories  of  flare  associated  eventa  observed  at  1 AU  have 
revealed  the  existence  of  a **fast  propagation  region*'  extending  up  to  60*  from 
the  flare  site  and  a coronal  transport  process  that  Is  not  strongly  rigidity 
dependent. 

Models  have  been  developed  to  account  for  those  observations.  However,  the 
exact  nature  of  the  injection  process,  the  physical  mechanism  of  coronal  prop- 
agation, as  well  as  possible  solar  coronal  storage  are  strongly  dependent  on 
the  detailed  knowledge  of  the  properties  and  structure  of  the  coronal  magnetic 
fl®ld»  These  quantities  can  only  be  determined  by  measurements  very  close  to 
the  Sun. 

Observations  In  the  Interplanetary  Medium:  Results  and  Limitations 

Below  *^20  MeV/nucleon,  a great  variety  of  particle  events  have  been  observed 
In  the  Interplanetary  medium.  They  tentatively  can  be  grouped  in  five  categories: 
(a)  flare  associated  particles;  <b)  corotating  particles  associated  with  the 
Interaction  regions  between  low-speed  and  high-speed  solar  wind  streams;  (c) 
planetary  particles  accelerated  In  the  magnetospheres  of  planets  such  as  Earth  or 
Jupiter;  (d)  energetic  ator^  particles  seen  In  conjunction  with  very  strong 
Interplanetary  ahock  waves;  (e)  a more  or  less  continuous  solar  component  which 
may  come  from  either  the  superposition  of  many  small  events  or  the  frequent 
Injection  from  several  actlva  regions. 

Above  ''»20  MeV/nucleon,  the  observed  particle  population  Is  mainly  accelerated 
In  aolar  flares. 

As  one  approaches  the  sun,  It  Is  expected  that  Interplanetary  and  planetary 
particle  evente  will  diminish  in  Intensity,  as  observed  by  Hellos  1 and  2 for 
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corotating  avanta  (Van  RoUabaka  at  al.,  1978).  «hlla  tha  flara  aaaoelatad 
parttela  avanta  will  ba  tha  dontnant  eoaponant  togethar  with  tha  low  anargy 
eontlnuoua  aolar  eoaponant  which  wmild  ba  axpactad  to  baeona  wall  taaolvad* 

In  thla  aaetlon.  tha  Infomatlon  provldad  by  atudlaa  of  flara  aaaoelatad 
partlela  avanta  obaarvad  la  tha  Intarplanatary  nadlua  ara  brlafly  ravlawad. 

Figure  I ahowa  aavaral  partlela  Intanalty  profUaa  dataetad  at  1 AD 
during  aolar  eyela  20.  Thaaa  tlaa  hlatorlaa  ara  typical  of  tha  obaarvatlona 
of  dlffarant  partlela  apaclaa  In  Interplanetary  apace.  They  represent 
the  combined  effeeta  of  source  prop^tlea,  acceleration,  coronal  transport, 
release  Into  tha  Interplanetary  medium,  and  Interplanetary  propagation. 

A major  step  In  understanding  the  characterlstloa  of  the  propagation 
has  been  made  by  statistical  analyses  of  parameters  associated  with  the 
particle  Intensity  profiles,  e.g.:  the  particle  anisotropy  as  a function  of 
time}  the  event  visibility  as  a function  of  the  position  of  the  flare  relative 
to  the  observer I and  the  heliolongitude  diatrilmtion  of  the  onset  tiam  and 
rise  time  to  maximum  Intensity.  In  addition,  better  knowledge  of  both  coronal 
and  Interplanetary  transport  has  been  obtained  by  studying  tha  variation  of  the 
speetrum  as  a function  of  the  flare  position  relative  to  the  observer  or  by 
fitting  the  observed  time  Intensity  profUe  with  a density  profUe  calcuUted 
from  various  models  of  Interplanetary  propagation  and  coronal  transport. 

Figure  2 shows  one  possible  scenario  for  particle  propagation  which  la 
based  on  the  above  studies  and  has  rcweived  the  widest  acceptance.  After 
being  accelerated  In  the  solar  flare  (black  box),  particles  are  either  released 
within  about  1 hour  after  the  flare  event  In  a so-called  ”faat  propagation 
region”  or  propagc:e  In  the  corona  where  they  may  lose  energy  before  eacaping 
Into  the  interplanetary  medium,  in  this  scenario,  the  ”faat  propagation  region” 
may  extend  up  to  40-60*  from  the  fUre  site  and  has  nearly  uniform  acceaa  to 
laterpUnaUry  field  lines. 

Tha  propagation  In  Interplanetary  space  is  waakly  dependent  on  the  particle 
rigidity  (Relnhard  and  Vibberens.  1974j  Ms  Sung  at  al..  1975)  and  can  be  well 
described  by  focuaaed  diffusion  (Earl.  1976).  The  propagation  In  the  corona  la 
nearly  Indepondent  of  energy  and  rigidity  (e.g..  Ms  Sung.  1977)  and  the  particle 
eacape  rate  into  tha  InterpUnetary  medium  has  a weak  dependence  on  velocity 
(Van  Bollebeka.  Ka  Sung  and  McDonald.  1975). 
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One  pwiW#  scenario  for  psrtlcle  propagation  1>a8ed  on  observations  at  1 AD.  After  being  accelerated  in  tbe 
solar  flare  (Uack  box),  particles  are  either  released  in  tbe  fast  propagation  r^lon  or  propagate  in  the 
corona  idiere  tb^  naj  lose  their  energy  before  escaping  into  the  interplanetary  nedinn. 


This  akstchy  plctura,  which  tunmariaea  tha  moat  racant  obaarvatlona  of 
partlela  propagation,  haa  glv«n  Inportant  eluaa  to  undaratandlng  coronal 
propagation,  partlela  ralaaaa,  aeealaratlon  and  aourea  propartlaa*  Howavar, 
aa  wa  ahall  aaa  balow,  thara  ara  a nuabar  of  llaltatlona  which  ara  axpaecad 
to  ba  raaolvad  with  obaarvatlona  vary  eloaa  to  tha  Sun. 

A.  Coronal  Propagation 

Tha  raqulranant  of  a lack  of  rigidity  dapandanca  of  tha  partlela  tranaport 
plaeaa  a aarloua  conatralnt  on  any  propagation  nodal,  alnca  It  arguaa  atrongly 
agalnat  all  tha  propoaad  dlffualon<>typa  nodala.  Raeantly,  Newkirk  and  Wantaal 
(1978)  hava  auggaatad  a "blrd-eaga**  nodal  which  raproducaa  tha  obaarvad  rata  of 
aainuthal  propagation  in  a rlgldlty-lndapandant  nannar.  In  thla  nodal,  tha 
partlelaa  ara  conflnad  to  axtanalva  nagnatle  flux  loopa  for  a ear tain  tlna  and 
ara  than  dlaeontlnumialy  tranafarrad  to  adjacent  flux  tubae  by  flald-Una 
raconnactlon  produced  by  raarranganent  of  the  field  In  tha  aupar-granuUtlon 
::atwork  flow  (Figure  3).  For  thla  nodal  to  work.  It  la  aaaantlal  that  tha  tlna 
acala  of  raorganlaatlon  of  tha  field  ba  greater  than  tha  time  of  nergli^  between 
two  flux  tubaa  which.  In  turn,  la  greater  than  the  tlna  for  tha  alowaat  particle 
to  travaraa  a flux  tuba.  Nhlle  thla  nodal  la  attractive,  the  nature  of  the 
raconnactl(m  procaaa  and  aacapa  ranalna  unclear.  Other  datalla,  aueh  as  energy 
loaa,  atm  need  to  ba  worked  oat.  Nagnatle  loopa  ara  known  to  extend  up  to 
^0*  ^ expected  that  a coanlc  ray  detector  on  a apacacraft  such  aa  the 

Probe  could  aanpla  both  tha  stored  and  escaping  particles. 

B.  Particle  Escape 

The  ralaaaa  of  particles  In  tha  **fast  propagation  region”  must  taka  place  In 
a United  tlna  Interval.  As  shown  by  tha  nass  ejections  associated  with  flare 
particle  events  (Kahlar  at  al.,  1978),  the  release  saens  to  ba  eataatrophlc  In 
nature.  Sehattan  and  Nullan  (1977)  hava  proposed  that  coronal  nagnatle  bottlaa, 
produced  by  flaraa,  aarva  aa  tanporary  traps  for  solar  coanlc  rays  (Figure  A). 

Tha  expansion  of  these  bottles  allows  fast  aainuthal  propagation  over  a r^lon  up 
to  AO-60*  fron  tha  flare  alta  Indapandant  of  tha  partlela  energy.  As  tha  result 
of  tha  Raylalgh-Taylor  Inatabillty,  which  occurs  whan  p^,  thm  density  Inalda  tha 
^btla  baeonaa  anallar  than  p^,  tha  density  of  tha  gas  being  pushed  ahead  of  tha 
bottle,  coanlc  rdys  originally  trapped  Inside  tha  bottle  ara  released  by  field 
line  Interchange.  Sehattan  and  Mullen  suggested  tha*t  tha  energy  losses  due  to 
tha  bottle  expansion  can  ba  offset  by  coanlc  ray  acceleration  by  saeond-ordar 


DONOR 


lj|W  3»  A schematic  diagram  of  the 

Newkirk  and  Wentsel  (1978) . ^ 


F*»l  procMtAt.  In  thia  caaa,  accalaratlon  uy  Uat  until  althar  tha  aheeka 
diaappaar  or  trapping  of  tha  partlclaa  la  no  longar  affaetlva. 

Fro«  aueh  a aodal.  It  la  obvloua  that  eonplax  proeaaaaa,  which  at 111  raaaln 
to  ha  atttdlad,  nay  occur  during  partlcla  ralaaaa.  Thaaa  procaaaaa  nay  algnlfl- 
cantly  dlatort  tha  propartlaa  of  tha  original  partlcla  population  accalaratad  In 
tha  flora  raglon.  Obaarvatlona  cloaa  to  tha  aun  of  tha  atructura  and  avolutlen 
of  tha  coronal  nagnatlc  flald  and  of  anargatle  partlclaa  and  plaana  ara  anpaetad 
to  raaolva  tha  preblan  of  partlcla  aacapa. 

C.  Accalaratlon  and  Propartlaa  of  tha  Sourca  Region 

Infomatlon  on  tha  energy  apectra  of  protona  and  alactrona  and  their  ratloa 
can  give  important  cluaa  about  the  acceleration  nachanlam.  Particle  apectra  ara 
alao  an  aaaantlal  conplenent  to  the  Infomatlon  provided  by  X-raya  and  gaanui-raya. 
It  haa  been  ahoun  (Lin,  1974;  Van  Hollebeke  at  al.,  1975)  that  Interplanetary 
propagation  affecta  are  nlnialaed  If  the  energy  apectrum  la  meaaured  In  Inter- 
planetary apace  at  the  tine  of  maxinum  particle  Intenalty.  Furthemore,  It  haa 
alao  bean  ahown  that  the  particle  dlatrlbutlon  meaaured  In  the  ”faat  propagation 
region"  where  coronal  tranaport  can  be  neglected  ahould  cloaely  reflect  the 
particle  dlatrlbutlon  In  the  flare  alte  provided  tha  releaae  proceaa  doea  not 
algnlflcantly  dlatort  the  apectrum.  The  energy  apectra  of  protona,  electrona, 
and  a few  other  particle  apeclea  have  been  detemlned  under  theae  condltlona. 

From  'vio  MeV  to  80  MaV , the  proton  apectrum  la  well  deacrlbed  by  a power  law 
In  kinetic  energy  with  the  apectral  Index  y (defined  aa  dJ/dE  « b”^)  ranging 
between  2 and  3.2  (Van  Hollebeke  et  al.,  1975);  however,  below  10  MeV,  the 
obaerved  apectrum  la  generaUy  f Utter  (Figure  5).  Thla  indlcatea  either  a 
fUttening  Intrlnalc  to  the  acceleration  mechanlam  or  different  propagation 
condltlona  at  low  and  high  energlea.  Together  with  X-ray  and  y-ray  meaauramanta , 
direct  meaauramanta  of  the  energy  apectra  of  the  different  particle  apeclea 
cloae  to  the  Sun  ara  naceaaary  to  underatand  the  acceleration  mechanlam. 

In  addition  to  tha  energy  apectra,  charge  compoaltlon  alao  provldea  data  on 
tha  acceleration  procaaaaa.  Fhrthemore,  charge  compoaltlon  ratlecta  propartlaa 
of  tha  aourca  raglon  which  ara  difficult  to  maaaura  by  other  mathoda.  It  haa 
recently  become  obvloua  that  In  many  Inatancaa  tha  anargatle  particle  compoaltlon 
can  depart  draatlcally  from  the  axpaetad  compoaltlon  of  tha  aolar  atmoaphara  and 
can  ahow  large  varUblllty  from  event  to  event  (Figure  6).  Theae  anhancamanta 
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Piggy  5«  A chayct«rt«tlc  proton  energy  epeetrum  obtained  at  the  tine  of  naxlnun 
particle  Intent Ity. 
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Figure  6»  A eompatlson  of  solar  cosmic  ray,  photospherlc  and  coronal  abundancaa  from 
McDonald  at  al.  (1974),  updated  with  more  recent  observations  of  the  solar 
cosmic  ray  composition. 


are  not  Xtolted  to  lov  energlee  but  have  been  obaerved  at  energies  up  to  200 
MeV/nucleon.  In  the  case  of  Fe/O  during  the  September  2A.  977  event  (Dietrich 

Md  Slnpeon,  1978).  it  la  not  clear  how  these  differences  arise.  They  can  be 
ue  either  to  Inhomogeneltles  In  the  source  region,  acceleration  processea,  or 
spallation  In  the  acceleration  region.  In  addition,  low  energy  particles  may 
a further  accelerated  In  the  Interplanetary  medium. 

providing  d.fl«lt.  lnt.r«.tlon  on  oolot  al.undanco.B.n«.r«»o„t.  of 
th...  gnantltlaa  clou  to  th«  Sun,  can  bo  oomparod  to  X-tay  and  y-rny  nuouro- 
-ut.  to  d.t.r.l«.  t.»  tlBlng  of  th.  high  onorgy  partlcl.  .oo.l.,.tl«,.  th.  «,rgy 
oontut  In  proton.  <md  nucl.l,  md  th«  typ.  of  ula.lon  or  nuoLar  ruction, 
taking  place  at  the  surface  of  the  sun. 

Gwieral_Raguj^^ 

Th.  aalB  <iOMtltl..  to  b.  nunrad  to  provld.  Inforaatlu  on  th.  proputlu 
<rf  th.  .ourc.  rnlon,  ucUar.tlon,  partlcl.  ..cap.  ud  coroul  propagation  are 
th.  uugy  apnotr.  «.d  charge  i.otoplc  abundanc  of  uorg.cic  partlcl..  a. 
function,  of  tlB.  and  dlrutlon.  sine,  timing  la  u Importut  f«:tot  In  und.r- 
ata^lng  uc.lar.tlon  pruunu,  th.  coulc  ray  d.tutor  .hould  have  ufflclutly 
g aualtlvlty  to  M able  to  maanra  tb.  onaat  time  of  uy  fluuaaaulatad 
partial.  «„t  within  . frutlon  of  . minute,  In  ordar  to  compare  with  X-ray. 
y-r.y.  and  radio  evut..  Thl.  1,  particularly  true  for  protou  ««i  uLctrona. 

The  probability  of  ucurruc.  of  a fl«r.-,.aocl.tU  partial,  uut  1.  atrongly 
depudut  on  the  eoUr  cycl..  Plguro  7 .how.  the  number  of  .20  MeV  proton  uut. 
with  puk  IntMiaity  >0.5  protoo./cm»-.u-.t.r  d.tutU  per  yur  at  1 AB  a.  a 
function  of  aoUr  activity  u IndlctU  by  aunapot  number  for  aolu  cycl.  20.  At 
th.  lowu  uergtu  aod  lowu  Intualty  luela.  It  la  often  difficult  to  aasoclaCe 
a partial,  uut  obaarvl  at  I AB  with  a .ol<«  flora.  Cloau  to  th.  un,  b.cua. 
t e uay  tlm.  1.  ahortu  and  the  pnrtlcla  avnt  1.  bettar  deflnad  In  time,  the 
»«b«:  Of  «,«t.  . 10  M.V  with  puk  intualty  . 10--  p.rtlclu/c.f-.u-ar-H.V  1. 
avKtad  to  be  a l.v!tot  of  3 to  S grutu  tbu  that  la  Figure  7.  Fru  th.  point 

of  via,  of  uut  proublltty.  it  1.  th.r.f.r.  dulrabl.  that  th.  SoUr  Prob.  ruch 
perihelion  during  soler  ouptlaum. 

Rowavu,  mvn  during  ular  mlulmum,  a nunbu  of  active  raglou  «l.t  which 
produc.  «rtflaru  at  a rat.  of  1-2  p.r  day.  Th...  ubfl.ru  may  cutrlbut.  to  th. 
cutlnuu.  low  uugy  aoUr  partial,  eupuut  obaarvml  In  th.  lnt.rpUn.tary 
■odium  Mid  thoir  rffut.  uy  b.  ruolvad  at  a cU.m;  dUtanc.  to  th.  un.  Alao. 
««  thugh  uroutUg  partui.  atruu  are  ball«,«l  to  rault  fru  .cc.l«.tl« 

In  th.  IntupUutonr  modtum,  tb.  o.41n  of  th.  «».l.r.t.d  lu.  io  ut  luwwn. 
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These  events^  which  ere  rnelnly  observed  during  solar  nlnlBUSi  ere  essoeleted  «d.th 
high-speed  solar  wind  streams  and  may  originate  either  from  the  tall  of  the 
superthemsl  distribution  of  the  plasma  or  from  very  low  energy  particles.  In 
any  event,  the  origin  of  these  particles  can  be  found  close  to  the  sun* 

In  order  to  know  the  Intrinsic  characteristics  of  solar  particle  events.  It 
Is  Important  either  to  sample  a significant  number  of  events  (this  requires 
measurements  In  the  very  Inner  solar  system  for  a long  time  period)  or  else  to 
make  measurements  simultaneously  close  to  the  sun  and  in  the  Interplanetary 
medium  (for  eocsmple  1 AU). 
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Representative  energetic  particle  events  relating  to 
quasi-'Stationary  particle  populations*  solar  flare  events*  and 
solar  conq>osition  are  discussed  in  the  contnct  of  similar  obser- 
vations likely  to  be  made  during  Solar  Probe  encounter.  Particular 
emphasis  is  given  to  inter-relationships  with  coronal  magnetic 
structure  and  plasma  processes.  General  Instrumental  requirements 
are  listed*  and  it  is  concluded  that  energetic  particle  detectors 
these  requirements  will  successfully  coBq>lement  other 
essential  experiments  on  the  Solar  Probe. 


1. 


INTRODUCTION 


We  present  selected  examples  relevant  to  the  Solar  Probe 
mission  from  studies  by  our  group  at  JHU/APL  and  colleagues  at  col- 
laborating institutions  of  energetic  particles  and  coronal  structure 
during  the  decline  and  minimum  of  SoUr  Cycle  20  (1973  - 1976).  The 
Jupiter-assisted  Solar  Probe  trajectory  will  yield  encounter  In  1989 
or  1990,  almost  the  same  phase  of  Solar  Cycle  22  as  that  in  which  we 
are  right  now  for  Solar  Cycle  20.  We  are  currently  finding  occas- 
sional events  in  our  1977  - 1978  IMP  7.  8 and  Voyager  1.  2 data  that 
are  almilar  to  those  from  1973  - 1976  which  we  are  going  to  discuss. 

We  therefore  regard  these  examples  as  being  indicative  of  the  types 
of  energetic  particle  phenomena  which  may  be  measured  by  the  Solar 
Probe  inside  1 A»,  and  we  shaU  attempt  to  extrapoUte  the  character- 
istics we  have  deduced  to  the  perihelion  environment. 

2.  ODASI-STATIOHARY  PARTICLE  FLUXES  AMD  CORONAL  STRUCTURE 

The  unprecedented  radial  and  angular  velocities  which  will 
be  achieved  by  Solar  Probe  retire  us  to  transform  our  earth-based 
perception  of  the  reUtionshlp  between  spatial  structure  and  temporal 
evolution  of  soUr  particle  fluxes.  With  the  spacecraft  spending 
less  than  10  days  inside  the  orbit  of  Mercury  and  transiting  ;an  entire 
honisphere  of  the  sun  in  less  than  lA  hours,  quasi— stationary  particle 
distributions  will  produce  rapidly  varying  fluxes  as  measured  on  the 
spacecraft. 

The  first  example,  taken  from  a study  by  £suins  and  Roetof 
(1977 )»  Is  a broad  recurrent  minimum  in  1.9  - 4.5  MeV  protons  centered 
over  a growing  coronal  hole  (CN2)  in  August,  1973.  Figure  1 shows  the 
hole  at  tha  center  of  the  disk,  surrounded  by  low  coronal  magnetic 
neutral  lines  inferred  from  absorbtion  features  in  Ho  filtergrams 
(tteZntoOi^  1979)  over  which  lie  leop-llke  soft  x-ray  emission  features 
svident  in  the  Anarican  Science  and  Engineering,  Inc.  photographs  from 
thair  speetrographie  telaacopa  on  Sky lab.  Such  a ring-lika  loop  arcade 
•ttggaats  open  fUld  Unas  abova  tha  holaa,  and  thin  is  eonfirned  by  the 
fotaatial-fial^  calculationa  of  coronal  field  Unas  by  LmHna  at  at.^ 


Figure  1 Coronal  structure  In  the  vicinity  of  a small  equatorial 

coronal  hole  (h&vim  md  Ro^tof^lS??}*  Center;  Hor  Infer- 

% 

red  neutral  llnaa  and  soft  x-ray  loops*  Upper  left;  open 
field  llnea  originating  on  a 2*6  ^ source  surface  calculated 
from  a potential  field.  Upper  right;  closed  field  linos 
from  the  seme  calculation. 
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Figure  2 Queal-atationary  energetic  particle  population  above  a 

coronal  hole  in  August*  1973*  Lowert  Her  abaorbtion  feature 
and  coronal  hole  (fron  Figure  1)  in  heiiographic  coordinates, 
Upper t 1.9  - 4,5  MeV  hourlyaveraged  proton  fluxea  ’’napped 
back”  to  their  estimated  high  coronel  emission  longitudes 
using  slnultaneous  measurenents  of  solar  wind  velocity  on 
the  IMP  7 spacecraft  fl0vin0  and  Roalof,  19Tf), 


Figur*  3 KApp«d-b«ek  toUr  wind  v«loeltl«a  (HIT)  and  nontaga  of  aoft 
x**ray  photographs  (AS&E)  from  Skylab*  July-August  1974  (Bott0 
4t  al»t  2976 J,  Nota  tha  snail  (400  > 500  ka  s~^)  solar  wlud 
•traaa  aaarglng  from  CH2  (75*  haliolongltuda)  caatarad  with- 
in tha  ainioua  of  tha  partlela  distribution  shown  in  Flgura  2* 
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•nd  «bov«  th«  aleltud*  ot  th«  MHD  critical  aurfacMi*  The  particles  • 
hewavar.  Bust  ba  diatrlbutad  on  otoaa<2  field  linaa»  and  therefore  auat 
be  tranoportad  and  taaporarily  otorad  wall  below  the  altitude  of  the 
MHD  critical  pointa. 

Bowavar»  the  altitude  of  the  critical  aurfaca  la  not  a vary 
raatrlctiva  upper  bound,  aa  may  ba  aaan  in  Figure  A,  taken  from  ifolta 
•i  (19??)*  Configuration  A waa  deduced  from  a atreaa  above  a 
meridional  coronal  hole,  while  configuration  B reaulted  from  the  edge 
of  a atreaa  from  the  equatorward  edge  of  a polar  coronal  hole.  In 
their  deduction  of  the  three  dimensional  configuration  of  the  Alfvan 
surface  (i.e.,  the  locus  of  pointa  where  the  solar  wind  bulk  spaed 
eseeeds  the  local  Alfvan  velocity),  they  follow^  the  range  of  critical 
altitude  (15  - SO  i^)  estimated  by  li^abar  and  Davis  (19$?)*  Thus  it 
appears  possible  that  the  Solar  Probe  could  possibly  cut  through  coronal 
storage  region  of  < 1 MeV  particles  if  perihelion  is  < 10  1^  (i.e., 
wall  below  the  altitudes  of  the  critical  surface). 

3.  SOLAR  FLARE  IMJBCTIOM  AMD  SOLAk  C0MPO8ITIOH 

The  essential  point  concerning  energetic  particles  from 
flares  is  that  the  injection  usually  has  a finite  duration*  not  only 
for  large  events  lasting  many  days,  but  also  for  small  events  lasting 
1 day*  Figure  5,  from  a recent  revimr  by  Roslof  and  Xrimigia  (19??)^ 
ehowa  the  > 0*22  MeV  electrons  from  the  large  September  10,  1974  flare 
event  measured  by  the  JHU/APL  electrons  on  IMP  8.  Similar  large,  long* 
lived  events  are  currently  being  observed,  with  series  in  8apt«d>er  and 
November  1977,  and  April  * May  1978,  so  we  could  expect  thra  agato  11 
years  from  now  near  Solar  Probe  encounter.  The.  1 *11  A x*ray  fluxes 
plotted  in  Figure  Sd  reveal  the  large  flares  on  September  10  and  13, 
while  the  persistent  electron  anisotropy  is  displayed  in  Figure'  Sb. 
Anisotropy  measuremants  ware  interrupted  after  50  hours  bacausa  IMP 
8 entered  the  magnetosheath,  but  we  can  infer  that  electron  injection 
lasted  at  least  this  long  because  the  fluxes  were  centinually  rising 
all  the  while.  Shown  in  Figure  5a  for  illustrative  purpose  only  are 
coronal  regions  of  Type  ZV  radio  emission  (measured  in  a limb  event) 
which  aeco^any  such  large  electron  evente. 
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Figure  3 Long-llTed  Injeotion  of  >0*22  MeY  flare  eleotroae*  a)  Type 
IT  radio  ealaaloa  regioaa  la  the  ooreaa  typieal  of  the  early 
phaaea  of  thla  oUae  of  ereati  b)  eleotroa  aad  low  eaergy 
protoa  aalaotropy  phaae  aad  aaplitude  (dlatorted  by  oeoaaloaal 
refleotloa  froa  the  bow  ahook)t  o)  eleotroa  lateaalty*  whioh 
ooatiauea  to  rlae  duriag  the  peraiateat  aalaotropio  atreaaiac 
(aalaotropy  aeaeureaenta  are  Interrupted  by  eatranoe  lato  the 
oagaetoaheath)  I.  d)  1 - 11  A z-ray  flux  ladioatlng  large  flareo 
on  Septeaber  10  and  13.  froa  Roelef  end  (i077^. 


tMtmnimd  ii^aetloa  also  oceurs  in  ansUor  avonts  such  aa 
tha  ^ I dmy  proton  avant  obaonrad  March  28,  1976  on  Hallos  2 at  0.5 
AO.  Fitura  6.  takan  fro.  an  anal>ala  of  Intarplanatary  propagation  by 
OMmt  mdno9tof  (19?a)  using  tha  »’acattar-fr  »a”  approxlvatlon,  shows 
tha  anisotropy  and  Intanslty  hlstorlas  for  4-12  MaV  and  27  - 37  MaV 
protons.  Tha  theory  aUows  a direct  daductlon  of  tha  coronal  Injection 
history,  and  It  can  be  saan  fron  Figure  6 chat  the  a-foldlng  tines  are 
6 hours  for  tha  lower  energy  channel  and  3 hours  for  tha  higher, 
whereas  tha  Interplanetary  Intensities  decay  with  characteristic  Claes 
only  a few  tines  that  of  the  Injection.  Since  tf  ^re  aust  be  strong 
negative  gradients  associated  with  the  strongly  anisotropic  phase  of 
flare  events.  Solar  Probe  nay  saaple  aany  aore  short-duration  **alcro- 
•vents-  than  are  observed  at  1 AU.  The  fact  that,  during  the  extended 
Injection  phase  of  such  events,  the  particle  flux  will  be  highly  col- 
llaated  along  the  field  lines,  means  that  some  provision  should  be  nade 
for  measuring  field-aligned  fluxes,  even  near  perihelion. 

Ae  a final  example,  we  point  out  chat  rather  crucial  low 
energy  composition  measurements  may  have  to  be  made  in  small  but 
Wghly  anisotropic  fUre- associated  events.  The  fascinating  class  of 
He-rlch  and  Z-rich  events  observed  during  1972  - 1976  has  been  as- 
sociated with  small-fUre  activity  fron  western  hemisphere  active 
regions  by  et  al.,  (1978),  Figure  7 shows  the  one-hour  average 

sectored  rates  from  the  JHO/APL  IMP  7 and  8 experiments  for  species 
Z i 3 at  1 MeV/nuc  during  four  events.  The  anisotropies  are  strong 
and  persist  up  to  event  maximum,  implying  continual  coronal  injection. 
Very  enhanced  abundances  of  elements  up  to  and  Including  iron  are 
observed  In  these  events.  After  correlating  Interplanetary  and  solar 
data  with  tha  2-rlch  events,  m<0cl  st  aU,  concluded  that  the  circum- 
stances conducive  , to  producing  these  events  are  those  sinmearlsed  In 
figure  8. 
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Solar  flare  particle  event  observed  by  the  Kiel  experiaent 
on  Hellos  2,  March  28  (day  88),  1976.  Curves  show  theoretical 
fits  to  "scatter-free"  propagation  for  anisotropy  parameter 
(V-R/V-W)  and  omnidirectional  flux  (J4,,).  Dashed  Intensity 
curves  are  deduced  coronal  Injection  time  dependence.  From 
d’raan  and  Roatof  (1978), 
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Figure  7 Sector  rates  (In  the  ecliptic  plane)  for  four  **S-rlch”  aolar 
patticle  events  Maaured  on  IMP  7 and  S at  al»#  ISFS). 
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ottc)  up  through  fe»  and  of  Ha* 
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CoroMl  confliuratlon  dedocod  fro*  corroUtloo  of  ooUr  oad 
InterpUnetery  obeervatloo.  during  2-rlch  avaota  rthlch  tand 
to  occur  near  tha  rlea  of  aoUr  iriiid  atraaw  orlgloatlag  naar 
•nil  active  raglona  with  aubflara  activity  (hHckt  at  at.,  2978) 
Fartlcla  abundancae  »ay  ba  anrichad  prior  to  flora  acealaratloa 
In  nearly  active  region,  perhapa  due  to  plaeM  dynaaleo  of 
aaetam  boundary  of  high  epeed  eoUr  wind  eourca  region. 

Tranalt  of  euch  a etructure  by  tha  Solar  Probe  could  reveal 
Intar-ralatlonehlpe  of  plaena  heating  and  anargatlc  Ion 
accalarat Ion . 


•a  aetlv*  ragiea  M«r  th«  waatarn  adga  of  tha  aolar  wln4  aourca 
boundary,  ialekl  at  at,,  suggeat  that  the  dynamical  plasma  Inter- 
actions which  occur  aa  fast  plasma  interacts  with  the  slow  plasma 
to  the  vest  of  the  high  speed  stream  may  ha  Instrumental  in  producing 
the  hlgh-Z  enhancements  in  the  substrate  plasma  prior  to  flare  ac- 
celeration* Thus  one  of  the  most  interesting  coronal  configurations 
(from  the  point  of  view  of  solar  composition  and  dynamics),  which 
tha  Solar  Probe  could  transit  nay  well  be  the  western  edge  of  a 
solar  wind  source  region. 

4.  CONCLUSIONS 

It  seems  to  us  that  these  examples  demonstrate  that  valuable 
new  information  on  basic  solar  processes  will  be  derived  from  measure- 
ments of  energetic  particles  1 MeV  regardless  of  the  state  of  the 
corona  and  solar  activity  during  Solar  Probe  encounter. 

(i)  If  activity  is  low,  the  distribution  of  quast-stationary 
particle  populations  will  be  directly  related  to  coronal  magnetic 
structure* 

(11)  If  there  is  even  moderate  flare  activity,  there  is  a 
reasonable  probability  of  sieasuring  the  injection  function  during  the 
extended  phase  of  strong  anisotropy,  thus  deriving  Information  on  the 
acceleration  process  unobtainable  near  1 AU. 

(ill)  The  inter-relationships  observed  among  energetic  perticle 
composition,  plasma  dynamics  and  coronal  structure  will  stimulate  more 
comprehensive  and  consistent  models  of  plasma  heating  and  particle 
acceleration  mechanisms. 

Finally*  the  ideal  low-energy  solar  particle  instrumentation 
must  have  high  sensitivity*  a very  large  dynamic  range*  and  the  ability 
to  owasure  field-aligned  flux  'anisotropies.  All  of  these  capabilities 
should  hold  for  electrons  as  well  as  ions  from  hydrogen  up  to  iron. 

Then  the  low-energy  particle  detectors  can  fulfill  their  potential  in 
complementing  the  other  essential  experiments  on  the  Solar  Probe. 
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ABSTRACT 

First  and  second  order  anisotropy  measurements  are 
proposed  as  a tool  for  studying  the  coronal  source  function 
and  Interplanetary  propagation  of  low  energy  protons.  Optimum 
orbit  and  attitude  requirements  are  suggested  for  a three 
telescope  system.  Some  limitations  with  regard  to  the  lover 
energy  limit  for  a feasible  set-up  are  discussed. 


introduction 

Proton  fluxes  in  the  energy  range  above  10  MeV  are  usually 
interpreted  In  terns  of  a sudden  release  from  the  Sun  followed 
by  e diffusion-like  propagation  in  interplaneUry  space.  This 
picture,  however,  does  not  fit  the  observations  at  sub-MeV 
energies  for  which  one  observes  long  lasting,  directed  streams, 
corotating  with  the  Sun  without  apparent  evolution  other  than 
fluctuations.  From  this,  one  Infers  that  hardly  any  diffusion 
takes  pUce  perpendlcuUr  to  the  magnetic  field  lines  and  that 
the  source  function  is  extended  in  space  and  time.  Recently 
appreciable  effort  has  been  spent  in  mapping  the  fluxes  back  to 
the  corona  and  relating  the  structure  thus  obtained  to  what  is 
known  about  the  coronal  magnetic  field  (see  the  contribution 
to  this  workshop  by  E.C.  Roelof.  S.M.  Krlmigis  and  R.E.  Gold). 


SOLAR  PROBE  ORBIT 

The  Solar  Probe  Mission  offers  a unique  opportunity  to 
separate  the  source  contributions  from  the  Influence  of  the 
interplanetary  medium.  Referring  to  Figure  1 where  the  distance 
between  the  spacecraft  and  the  Sun  la  plotted  against  time,  one 
observes  that  the  entire  region  within  190  R©  (0.9  AO)  is 
traversed  in  50  days.  In  this  period,  the  Sun.  with  the  inter- 
planetary magnetic  field  structure  attached  to  it.  wUl  rotate 
twice  around  its  axis.  So.  for  an  orbit  in  the  ecliptic,  the 
satellite  will  see  either  one  or  three  solar  rotations  depending 
on  whether  the  orbital  inclination  is  0 or  180  degrees.  Obviously 
the  Utter  U optimal  for  our  purposes;  it  enables  one  to  see 
the  same  field  line  three  or  four  times  at  different  distances 
from  the  Sun  within  50  days.  The  nuafcered  points  on  the  curve 
in  Figure  1 identify  the  crossUgs  of  selected  field  lines 
conaected  to  the  soUr  surface  and  stretched  out  in  an 
Archimedlan  spiral.  Points  2 and  3 are  chosen  such  that  the 
corresponding  field  lines  will  be  crossed  at  a distance  of  20  Rq» 
the  estimated  average  location  of  the  Alfvenlc  critical  point. 
Below  this  point,  the  field  lines  may  form  closed  loops,  and  at 
Urger  distaroes  they  must  be  stretched  out  into  Interplanetary 
apace.  All  the  nominal  field  lines  encountered  for  the  first 
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tlM  points  2 (t  • 168  8©,  t - -20.8  4sys)  and  3 (r  - 56  8©, 

t ■ -4.1  dsys)  will  be  sssn  both  outside  snd  Inside  the  Alfvenlc, 
erltlcel  point.  Beeeuse  the  energetic  pertlcle  fluxes  ere  controlled 
by  the  nsgnetlc  field  structure*  e detailed  study  of  the  Influence 
of  the  transition  region  betueen  the  Sun  snd  Interplsnetsry 
space  will  be  veluible. 

AMISOTSOFY  SCTDIgS 

A valuable  tool  for  studying  the  source  function  and  Inter- 
plenetery  propagation  Is  the  eecurete  neesureaent  of  the  particle 
flux  anisotropies  In  st  least  the  first  snd  second  orders. 
Mathemetlcelly,  this  Is  the  detemlnetlon  of  e second  order 
expansion  of  the  pertlcle  velocity  distribution  function  In 
Legendre  polynomials  In  p,  the  cosine  of  the  pitch  angle.  An 
In  situ  neasurenent  of  the  magnetic  field  by  Itself  is  not 
sufficient  to  determine  its  global  character.  The  characteristics 
of  the  particle  distribution  function  will  provide  essential 
additional  information.  The  presence  of  a first  order  term  with 
the  simultaneous  absence  of  a second  order  term  is  a good 
indicator  of  an  open  structure,  whereas  the  reverse  situation 

would  point  to  a closed  structure. 

In  the  Interplanetary  medium,  the  anisotropy  is  mainly  the 
result  of  pitch  angle  scattering  from  the  stochastic  field 
fluctuations  superlnq>osed  on  the  mean  field  as  well  as  the 
adiabatic  focussing  towards  this  mean  field  due  to  a decrease 
of  the  field  strength  radially  outward.  Consider  the  following 
sls^llfled  equation  for  transport  along  the  s-axls: 


at 


where  ^ Is  the  particle  velocity.  D la  the  scattering  diffusion 
coefficient  (-^  Is  the  Isotroplsatlon  time),  and  u » - 2 §5 
(B.C.  Roelof,  1969)  governs  the  adiabatic  focussing  (a>0). 

If  the  distribution  function  Is  reasonably  smooth  In  the  parameter 
M,  It  can  be  described  by  a truncated  expansion  of  the  form: 


f(z/v,t)  O f^(2,v,t)  + Pj(M)  fj(2,v,t)  + f2<*#V,t)  . 


(2) 


Substitution  of  (2)  Into  (1)  shows  that  third  order  terms  are 
generated,  the  effect  of  which  can  be  suppressed  by  evaluating 
(1)  at  the  specific  )j-values(p  a o,  ± V^)  which  cancel  these 
P^(y)  terms.  For  stationary  conditions  (time  Independent  source 
at  z ■ 0;  t ^ » 5 » readily  finds: 

(3) 

Close  to  the  source,  the  observations  directly  reflect  the  properties 
of  the  source  (D  « a ■ 0). 

EXPERIMENTAL  ASPECTS 

Some  conditions  for  obtaining  valuable  Information  on  the 
anisotropies  must  be  mentioned.  In  order  to  cope  with  all  possible 
directions  of  the  magnetic  field,  at  least  three  Identical 
telescopes  In  a spinning  spacecraft  must  be  used  with  the  rotation 
circle  divided  Into  7 sectors.  When  the  magnetic  field  Is  not 
directed  along  the  spin- axis.  In  principle  the  third  order  can 
be  Included  in  the  measurements.  A spin- stabilized  spacecraft 
would  require  at  least  6 telescopes  to  obtain  a reasonable  portion 
of  the  required  Information. 

As  the  entire  orbit  Is  In  a region  where  the  magnetic  field 
Is  frozen  Into  the  plasma,  the  measured  distribution  function 
must  be  corrected  for  the  spacecraft  velocity  relative  to  the 
plasma  (Conq>ton-Gettlng  effect).  Different  telescope  directions 
correspond  to  different  energies  In  the  plasma  frame,  and  there 
Is  an  Interference  between  this  artificial  modulation  and  that 
present  In  the  plasma  frame.  When  the  plasma  flow  velocity  and 
the  magnetic  field  are  aligned,  the  result  Is  an  enhancement  of 
the  observed  first  order  term  and  a suppression  of  the  second 
order  term.  A true  mapping  of  the  actual  distribution  function 
Is  Impossible  because  the  energy  and  angular  resolution  have  a 
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finite  width.  Computer  simulations  set  up  for  a similar  problem 
with  an  experiment  aboard  the  ISEE-C  (DPHj  a cooperation  between 
ESTEC  Noordwijk,  IC  London,  SRI  Utrecht)  reveal  that  for  steepness 
parameters  and  plasma  flow  velocities  <<4000  km/s,  a conceptual 
experiment  with  5 energy  channels  up  to  3 MeV  should  not  extend 
its  lower  limit  much  below  200  keV. 

SUMMARY 

To  accomplish  our  objectives,  the  orbital  and  attitude 
requirements  would  be: 

1.  An  ecliptic  orbit  with  its  angular  momentum  &nti-parallel  to 
the  solar  spin. 

2.  A spinning  spacecraft,  with  the  spin-axis  preferably  directed 

towards  the  Sun,  spinning  at  a rate  of  >HL2  rpm  (to  obtain  a 

■> 

time  resolution  of  10  s). 

The  conceptual  instniment  package  would  then  be  characterized  by: 

1.  Three  identical  telescopes  placed  at  the  zeroes  of  Pj  (cos  0),  viz. 
e - 39°,  90°,  141°  with  respect  to  the  spin- axis. 

2.  Energy  range:  (0.1)  0.2  MeV  - 3 MeV  split-up  into  (6)  5 channels. 
From  the  technical  point  of  view,  the  lower  limit  in  energy  and 
the  type  of  detectors  to  be  used  are  dependent  on  the  maximum 
temperature  reached  in  the  spacecraft. 

3.  Rotation  circle  divided  into  7 sectors  for  all  energy  channels 
thus  leading  to  a bit  rate  of  about  100  b/s. 
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Introduction 

No  neutrons  of  solsr  origin  have  been  detected  unambiguously  even 
though  we  know  that  the  Sun  must  be  a source  of  neutrons  covering  a wide 
energy  range  from  both  quas1»steady  sources  and  discrete,  violent  events 
Involving  high  energy  nuclear  Interactions.  Historically,  the  first 
suggestion  that  solar  neutrons  would  be  Interesting  was  by  Blermann  et 
al*  (19S1)*  The  fact  that  only  upper  limits  on  so'iar  neutron  fluxes 
have  so  far  been  reported  (Lockwood,  1973;  Lockwood  et  1973;  Kirsch, 
1973;  Balogh,  1976;  and  references  therein)  Is  understandable  since  all 
experimental  attenpts  to  Identify  fluxes  of  solar  neutrons  have  been  made 
In  Earth  satellites  or  balloons  where  two  physical  constraints  make 
detection  of  solar  neutrons  an  extremely  difficult  problem.  First  the 
approximately  12-m1nute  half-life  of  the  neutron  reduces  drastically  the 
flux  of  low-energy  neutrons  urttlch  could  survive  to  1 /WJ.  Second,  local 
neutron  background  originating  In  the  spacecraft  or  upper  atmosphere— mainly 
from  cosmic  ray  Interactions— has  placed  severe  limits  on  the  sensitivity 
for  detection  at  any  neutron  energy. 

In  Figures  1 and  2,  we  show  the  resultant  dependence  of  neutron 
fluxes  fr«n  both  the  radioactive  decay  of  the  neutron  and  the  1/R^  dependence 
as  a function  of  radial  distance  R,  normalized  to  unity  at  Earth  and  at 
the  surface  of  the  Sun,  respectively.  We  have  proposed,  over  the  past 
approximately  15  years  (Simpson,  1963,  1969,  1970;  Anglin  et  ai.,  1973) 
that  this  unique  radial  dependence  for  solar  neutrons  could  be  utilized 
to  Identify  neutrons  of  solar  origin  and  separate  solar  neutrons  from 
neutron  background;  It  Is  this  dependence  which  makes  the  Solar  Probe 
Nisslon  an  attractive  candidate  for  carrying  out  solar  neutron  experiments. 
Recently  Balogh  (1976)  and  Ahluwalla  (1975)  also  have  discussed  this 
approach  to  the  solar  neutron  detection  problem.  The  purpose  of  this 
brief  note  Is  to  summarize  the  Importance  of  solar  neutron  observations 
for  advancing  our  understanding  of  phenomena  crucial  for  solar  physics. 


Figure  1 Variation  of  the  solar  neutron  flux  with  distance  from  the 
Sun  for  neutron  energies  of  3,  10,  and  50  MeV,  normalized  to 

1.0  at  the  orbit  of  Earth. 
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Disfance  from  Sun  (A.U.) 


VarlAtlon  of  the  soier  nf  itron  flux  with  distance  from  the 
Sun  for  neutron  energlet.  of  10  keV  and  1 and  100  MeV,  noriR^llted 
to  1.0  at  the  surface  of  the  Sun.  The  upper  scale  Indicates 
the  tiM  to  perihelion  for  a typical  solar  probe  Jupiter  firavlty 
Assist  trajectory. 


and  to  suggest  the  constraints  which  must  be  placed  on  the  Solar  Probe 
Hisslon  for  carrying  out  studies  of  this  kind. 

There  are  two  essential  assumptions  to  keep  In  mind  during  the 
discussion  which  follows  In  this  note.  First,  In  all  discussions  of  the 
solar  neutron  experiment  we  tacitly  assume  that  there  will  be  simultaneous 
observations  of  gamna-rays  - Indeed,  gamma-ray  and  neutron  observations 
can  be  undertaken  as  a single  experiment.  Second,  for  an  Initial  "discovery 
and  explore"  type  of  experiment,  the  emphasis  should  be  upon  obtaining 
energy  spectra  of  the  solar  neutrons  over  as  wide  an  energy  range  as 
possible  rather  than  concentrating  on  high  resolution  "spectroscopy"  at 
the  expense  of  energy  range  and  sensitivity. 

The  Probable  Sources  of  Solar  Neutrons 

Me  may  expect  to  find  distinct  populations  of  neutrons  arriving 
from  several  processes: 

1)  The  Interaction  of  solar  flare  accelerated  nuclei  with  photo- 
spheric,  chromospheric  and  coronal  material  will  yield  a wide 
variety  of  nuclear  Interactions  which  produce.  In  addition  to 
secondary  charged  nuclei,  gamma-rays  and  neutrons.  In  the 
Appendix  we  estimate  the  neutron  flux  expected  from  the  flare 
of  August  4,  1972.  This  estimate  Is  based  upon  a knowledge  of 
the  ganma-ray  observations  of  Chupp  et  (1973)  and  the  theoret- 
ical model  of  Ramaty  et  al.  (1975).  This  leads  to  an  Integrated 
flux  plotted  as  a function  of  radial  distance  as  shown  In 

Figure  3 (solar  flare  neutrons  will  be  In  the  range  1-100  MeV). 

2)  Hany  local  regions  near  the  photosphere  have  been  shown  by  x-ray 
and  other  observations  to  be  hot  spots,  probably  the  result  of 
bombardment  by  electrons  and  nucleons  trapped  In  small-scale 
magnetic  fields.  Since  such  regions  may  be  wide-spread  or,  the 
Sun,  their  Integral  effect  may  constitute  a guasl-steady  source 

of  neutrons  as  observed  from  a distant  spacecraft.  (These  neutrons 
are  likely  to  be  In  the  energy  range  below  10  NaV). 

3)  Since  the  neutrons  have  a ^,12-m1nute  half-life,  the  neutrons 
produced  deep  In  the  Sun  will  have  decayed  before  they  could 
diffuse  appreciable  distances  towards  the  photospheric  surface. 
HoMBver,  any  neutron  production  near  the  photospheric  boundary 
may  result  In  the  appearance  of  thermal  and  supertheimal  neutrons 
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diffusing  outward  beyond  the  photospherlc  boundary  (at  least 
to  the  "augmentation  distance").  (These  thermallzed  neutrons 
will  be  below  10'^  MeV). 

4)  Since  there  now  exists  considerable  evidence  for  proton  and 
helium  nuclei  being  accelerated  association  with  either 
Interplanetary  shocks  or  magnetic  field  merging  In  magnetospheres* 

It  Is  likely  that  similar  mechanisms  are  operative  over  extensive 
regions  of  the  chromosphere  or  corona,  where  accelerated  helium 
nuclei  could  yield  a-n  reactions. 

It  Is  highly  likely  that  other  classes  of  neutron  sources— probably 
more  Important  than  those  discussed  above— will  be  discovered.  However, 
until  experiments  are  carried  out,  the  relative  Importance  of  the  different 
sources  of  solar  neutrons  will  largely  be  speculation. 

The  Significance  of  Solar  Neutron  Measurements 

Solar  neutrons  provide  a different  kind  of  Information  on  a)  nuclear 
Interactions,  b)  acceleration,  and  c)  storage  of  high  energy  charged  particles 
In  the  solar  coronal  magnetic  fields.  Solar  neutrons  are  emitted  promptly, 
are  not  deflected  in  magnetic  fields,  and  have  a distribution  In  the  observ- 
er's frame  of  reference  which  Is  highly  dependent  on  the  kinematics  and 
geometry  of  the  nuclear  Interactions  leading  to  their  production.  Thus, 
combined  with  gamma-ray  observations,  they  are  a new  analytical  tool  for 
Investigating  a wide  range  of  unsolved  acceleration  and  storage  problems,  as 
well  as  the  problems  of  He  -rich  flares  and  preferential  enhancement  of 
nuclear  species. 

Ramaty  et  al.  (1975)  In  their  studies  of  nuclear  Interaction  products 
from  charged  particle  acceleration  at  flare  sites,  have  prepared  tables  of 
typical  nuclear  Interactions  which  yield  neutrons  and  gamma  rays.  These 
tables  are  reproduced  as  Table  1.  In  Table  2 we  have  summarized  a few 
of  the  more  prominent  reactions  and  their  products.  To  Illustrate  the 
Importance  of  neutron  measurements,  let  us  consider  some  examples: 

1)  The  following  Idealized  case  bears  on  the  question  of  determining 

the  abundance  of  He^  at  the  flare  (see  also  Imbraglmov  and  Kocharov, 
1975;  Ramaty  et  , 1975).  Neutrons  are  captured  at  the  Sun 
principally  by  either  H^  or  He^  In  the  reaction  n ♦ H^  H^  ♦>  , 


(MeV/mideofi)  fMeV) 


. 3333  3 38  sS§|.  3338s 


I.  UUilli  5 ikj  J 


» !|255  S^I*2 

I nm 


UH?  m?  H ^ 

urn  III!  n I 


IS  s 1522  523  52  22 


2 S 


pSSSassasssa  .ssS582 , .2 


It  It 

m m a 


tt  * + ? 

^^^5  : : : s : t ; 2 ; : 5 : : : : ; 5 5 : 

4 4?ac  + + + ^ 


+ + + H+  + + 
a H « « a « a 


•i  ti  «<i  djj  jj  j|, 


A FEW  NEUTRON  PRODUCTION  REACTIONS 


REACTION 

(P.  Hit) 

He^  (p,  pn)  He^ 
He^  (p,  2pn)  h2 
He^  (p>  2p  2n) 
He^  (a,  n)  Be^ 
C^  (p>  N . . . 
N^^  (p,  N , . , 
0^^  (p,  PN  , . . 


THRESHOLD  ENERGY 
(MeV/Nucleon) 

292.3 

25.9 

32.8 
35.6 

. 9.5 

19.8 
6.3 

16.5 


MAJOR  PROMPT  GAMMA  RAY  LINES 


ORIGIN  PHOTON  ENERGY 

, (MeV) 

0^^  4.43 

0^^  6.14 


PRODUCTION  ENERGY 
(MeV) 

'^5  - 100 

^7  - TOO 


DELAYED  GAMMA  RAY  LINES 


ORIGIN 


E**"  + E 


2X 

H + H^-h2  + )f 


PHOTON  ENERGY 
(MeV) 

0.511 

2.223 


TABLE  2 So!«e  flare-site  reactions  and 
their  products. 


yielding  e 2.2  MeV  gemne-rey»  or  n ♦ He^  ♦ Pt  which  yield* 
no  photon. 

The  retio  of  the  cross-secttons  of  these  reactions  Is 
®He^  / 2 2 X 10^ 

If  the  He^/H^  ebundence  ratio  In  the  photosphere,  where  the 
capture  process  takes  place.  Is  very  small  (10*^  or  less)  the 
yield  of  2.2  NeV  gaona-rays  relative  to  neutrons  will  be  larger 
than  If  tlw^  He^/H^  ratio  Is  comparable  to  that  observed  In  the 
solar  wind  (5  x 10"®),  In  which  case  He®  will  capture  nearly  half 
of  the  neutrons.  A measurement  of  the  relative  yield  of  neutrons 
and  2.2  MeV  gamma-rays  may  thus  provide  Information  on  the  He®/H 
ratio  In  the  ambient  material  at  the  flare  site. 

Another  example,  kinematical , can  be  drawn  from  the  fact  that  at 
the  flare  site  of  the  nuclear  reactions  the  excited  gamma-rays 
will  be  emitted  Isotropically  whereas  the  neutrons  In  the  observer* 
frame  of  reference  will  have  two  separate  components: 

a)  A low-energy  Isotropic  component  arising  from  nuclear  . 
disintegration  ''evaporation"  neutrons  (at  energies  below 
30  MeV),  and 

b)  High  energy  neutrons  from  collisions  of  high  energy 
accelerated  nuclei  with  solar  matter.  These  neutrons 
will  travel  mainly  In  the  direction  of  the  Incident 
flare-accelerated  nucleons.  (See  also  Kanbach  et  al. 

1975,  for  additional  "kinematical"  examples). 

It  Is  clear,  therefore,  that  the  ratios  of  gamma-ray  and  neutron 
fluxes  at  high  energies  will  be  dependent  on  the  direction  of 
the  accelerated  nuclei.  If  the  high  energy  neutrons  are  moving 
downward  towards  the  photosphere  they  will  not  be  observed  In 
space. 

The  energy  dependence  for  neutron  production  may  also  become 
an  analytical  tool.  For  example,  whereas  a gamma-ray  production 
cross-section  may  drop  off  with  Increasing  Incident  nucleon 
energy,  the  neutron  production  cross-section  for  Important 
reactions  remains  high  or  may  Increase  with  energy.  For  some 
cases,  such  as  the  p-p  Interaction  In  Table  2,  above  the  threshold 
the  neutron  yield  Is  far  above  measurable  gamma-ray  Intensities 


at  these  energies. 

Working  out  these  and  other  Illustrations  will  show  that  solar  neutrons 
provide  unique  Information  crucial  to  our  understanding  of  a wide  variety  of 
solar  particle  acceleration  phenomena. 

Since  the  neutron  decays  Into  a low  energy  proton  plus  electron  and 
neutrino  In  the  coronal  and  Interplanetary  magnetic  field,  the  existence 
of  a thermal  neutron  flux  whose  source  Is  close  to  the  photosphere  may 
possibly  be  verified  by  determining  the  Intensity  and  pitch  angle  of  low 
energy  decay  protons  as  a function  of  distance  along  the  coronal  and 
Interplanetary  magnetic  fields.  (Simpson,  1963;  Roelof,  1966). 

Neutron  Yields  From  Soler  Flares 

The  neutron  yields  from  different  mechanisms  In  the  Sun  are  difficult 
to  estimate.  However,  In  the  Appendix  we  have  attempted  to  show  how  estimates 
of  the  absolute  neutron  flux  can  be  obtained  from  flares  In  which  gamma* ray 
observations  have  been  made  (cf.  Reppin,  et  al.,  1973;  Wang  and  Ramaty,  1974). 
Our  example  Is  the  flare  of  August  4.  1972.  The  calculated  Integral  flux  of 
solar  neutrons  Is  shown  In  Figure  3. 

The  Measurement  of  Solar  Neutrons 

As  we  mentioned  In  the  Introduction,  the  main  emphasis  for  Initial 
observations  would  be  placed  on  determining  the  fluxes  within  broad  energy 
ranges.  A wide  variety  of  classical  techniques  exists  for  detecting  neutrons, 
but  no  single  technique  can  cover  effectively  all  the  energy  ranges  proposed 
for  this  Investigation.  Some  examples  of  detection  methods  are  as  follows: 

1)  Thermal  and  superthermal  neutrons  with  velocity  v at  low 
energies  may  be  detected  using  the  1/v  cross-section 
dependence  of  neutron-capture  isotopes  such  as  LI®, 
etc.  (These  1/v  dependent  detectors  are  especially  efficient 
after  slowing  down  the  neutrons  In  moderating  material 
surrounding  the  detector  but  can  be  used  only  when  no  SIG  Is 
present.  See  following  Section.) 
le  combination  with  the  above  detector  scheme,  various 
shields  made  of  materials  having  epi-thermal  resonance  cross- 
sections,  may  be  used  (e.g. , cadmium)  to  select  higher  energies. 

3)  For  separating  slow  neutrons  from  fast  neutrons,  fission  Ion 
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chambers  can  be  used  effectively;  e.g.,  U for  slow  neutrons; 
or  xf,232  ^ neutrons. 

4)  For  high  energy  neutrons,  n*p  recoil  reactions  may  be  utilized. 

5)  Double-scattering  and  t1me-of-f light  for  neutrons  within  the 
Instrument  (and  between  source  and  detector,  see  below)  Is  a 
well -developed  technique  for  high  energy  neutrons. 

6)  . For  the  study  of  Impulsive  events  such  as  solar  flares,  the 

time-of-f light  between  the  time  of  Initial  neutron  production 
In  the  flare  and  the  time  of  arrival  at  the  spacecraft  can  be 
determined  with  reasonable  accuracy  for  those  events  which 
simultaneously  produce  Y-rays.  The  average  neutron  velocity 
can  then  be  determined  from  the  difference  In  onset  times  of 
Y-ray  and  neutron  fluxes  at  the  spacecraft  and  the  relative 
positions  of  the  flare  site  and  the  spacecraft. 

Constraints  for  Solar  Neutron  tteasurements  on  the  Solar  Polar  Mission 

The  SIG  power  sources  proposed  for  a Solar  Probe  would  produce  a 
local  neutron  spectrum  extending  In  energy  up  to  '-12  NeV  as  shown  In  Figure  4 
(from  data  taken  with  an  RT6  of  the  type  used  for  Pioneer  10).  Since  the 
nuclear  "fuel"  emits  a-part Ides  and  some  light  element  Impurities  are 
present  In  the  fuel,  a-n  reactions  produce  a significant  local  neutron 
background  below  12  MeV.  Thus,  If  SIGs  are  used,  sensitive  solar  neutron 
measurements  would  have  to  be  confined  to  neutron  energies  above  12  MeV. 

The  experiment  would  still  be  of  high  Interest  and  would  achieve  many  of 
the  scientific  goals.  However,  the  experiment  would  be  greatly  enhanced  at 
low  energies  by  using  non-nuclear  power  sources,  such  as  solar  cells  as 
proposed  In  conjunction  with  the  Ion  propulsion  option.  SensUlve  gamma- 
ray  observations  below  3 MeV  would  also  encounter  serious  difficulties  with 
SIGs. 

For  a mission  employing  a Jupiter-gravlty  assist.  It  would  be 
Interesting  to  Investigate  the  possibility  of  Jettisoning  the  SIGs  on  the 
Inward  leg  of  the  trajectory  at-KI.S  AU.  The  required  power  could  then  be 
supplied  first  by  solar  cells  and,  close  to  the  Sun,  by  thermocouples 
embedded  In  the  heat  shield. 

Since  the  analysis  of  solar  flare  events  Is  enhanced  by  multiple 
spacecraft  observations  approximately  In  the  plane  of  the  probe  trajectory, 
a trajectory  whose  plane  Is  near  the  equatorial  plane  of  the  Sun  Is  preferable 

to  a plane  out  of  the  ecliptic  since  thore  are  likely  to  be  many  more 
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1 

! 


K> 


spacecraft  in  the  solar  equatorial  plane  than  at  high  solar  latitudes  In 
the  era  of  1990. 

Measurements  to  complement  the  solar  neutron  and  ganma>ray  observations 
should  Include  the  Isotopic  composition  of  nuclei  (especially  the  H and  He 
Isotopes)  over  a wide  energy  range,  spectra  of  electrons,  cosmic  ray  background 
Intensity,  magnetic  field,  and  plasma  measurements. 

Alternatives  to  the  Solar  Probe  M sslon 

The  only  alternative  to  the  Solar  Probe  Mission  appears  to  be  a Mercury 
fly-by  (Simpson,  1970)  or  a Mercury  orbiter  (Simpson.  1976;  Balogh,  1976). 

Other  than  not  requiring  SIGs,  the  advantages  of  a low  latitude  Mercury  orbiter 
for  neutron  and  ganma-ray  observations  are: 

1)  The  planet  may  be  used  as  an  opaque  "shutter"  to  remove  periodically 
the  solar  neutron  and  gamma-ray  fluxes  for  the  purpose  of 
determining  neutron  and  gamma-ray  backgrounds  derived  from  the 
spacecraft  (and  planet). 

2)  The  exposure  time  could  extend  to  more  than  year.  This  Is  to 
be  compared  with  the  time  of  -20  days  Inside  0.5  AU  for  the 
Solar  Probe. 

The  Mercury  orbiter  probably  could  not  Investigate  the  lowest  energy 
neutron  fluxes.  The  Solar  Probe  and  the  Mercury  orbiter  missions  are  obviously 
complementary. 

Concluding  Remarks 

The  Solar  Probe  Mission  Is  a unique  mission  for  the  discovery  of 
solar  neutrons,  even  If  SIGs  must  be  used  on  the  spacecraft  thus  limiting 
the  study  of  neutrons  to  energies  above  12  MeV. 

In  the  past,  the  discovery  of  each  new  component  of  radiation,  opening 
a new  "window  to  the  universe",  such  as  cosmic  rays,  x-rays.  Infrared 
etc.,  has  led  to  dramatic  advances  In  our  understanding  of  astrophysical 
phenomena.  It  Is  likely  that  solar  neutron  pectroscopy  will  be  no  exception. 

Several  attempts  have  already  been  made  by  the  author  to  Include  solar 
neutron  studies  on  earlier  NASA  missions  extending  Inward  from  1 AU,  but  so 
far  no  experiment  has  been  realized.  The  Solar  Probe  Mission  appears  to  be 
the  next  best  opportunity  for  opening  the  field  of  solar  neutron  spectroscopy. 
The  Mercury  orbiter  would  also  be  Important  for  a program  of  solar  neutron 
Investigations. 


Appendix 


The  Solar  Flare  Neutron  Flux  for  the  Proposed  Solar  Probe  Mission 


Me  present  here  an  estimate  of  the  neutron  flux  from  the  solar 

flare  of  August  4.  1972.  Two  approaches  to  estimating  neutron  fluxes  from 
flares  are  possible: 

1)  The  upper  limit  for  production  of  secondary  nuclei  produced 

In  flares  could  be  used  for  large  flares  (h\  He^,  etc.)* 

or 

2)  Evidence  from  nuclear  gairnia  rays  could  be  Invoked.  In  this 
note  we  follow  the  latter  approach  which  was  worked  out  In 
principle  for  the  large  flare  of  August  4,  1972  by  Ramaty  et  al., 
(1975),  (referred  to  as  RKL).  They  calculated  both: 

a)  the  neutron  production  spectrum,  and 

b)  the  yield  of  gamma  rays  due  to  neutron  capture  on 
protons  (2.2  NeV  gamma  ray  ll?;e)  and  excited  states 
of  nuclei  in  the  solar  atmosphere  (e.g.,  the  4.4 
MeV  carbon  line), 

assuming  unit  values  for  the  "emission  measure"  for  the  flare, 
that  Is,  the  product  of  the  density  In  the  Interaction  region 
and  the  Intensity  of  high  energy  primary  protons.  The  observations 
by  Chupp  et  (1973)  of  the  ganina  ray  flux  provide  the 
normalization  factors  necessary  to  calculate  the  expected  neutron 
flux  for  the  August  4,  1972  solar  flare. 

For  the  calculation  of  the  neutron  flux  as  a function  of  distance 
from  the  Sun,  a neutron  emission  flux  Is  used  which  Is  of  the  form: 

q{E)  . K < 30  HeV 

l.e.  Independent  of  energy  up  to  30  MeV  and  then  falling  as  E*^  (after 
Figure  7 of  RKL). 


For  the  August  1972  solar  flare  the  normalization  factor  Is: 

9o  • <1  (E“0)  i^nNp  (>30  MeV)  P|^« 6x lO^^neutrons/MeVsec 

where 

q (E«0)  Is  the  neutron  production  rate  for  unit  emission  measure, 
taken  to  be  2 x 10"'®  MeV"'  sec"',  (after  Figure  7 of  RKL) 

nnNp  (>30  MeV)  is  the  emission  measure,  calculated  by  RKL  on  the 
basis  of  the  gamna>ray  observations  to  be  5 x 10^®  for  the 
solar  flare  of  August  4,  1972,  and 

Pg  Is  the  probability  of  neutron  escape  from  the  production  region, 
taken  to  be  0.6  Independent  of  neutron  energy  (Wang  and  Ramaty, 
1974). 

These  results  were  taken  from  the  RKL  model  calculation  for  the  thin  target 
model  with  a power  law  primary  spectrum  but  the  results  are  not  changed 
significantly  (factor  of 'vS)  for  other  models  calculated  by  RKL. 

The  solar  neutron  flux  as  a function  of  neutron  energy  and  distance 
from  the  Sun,  Is  then  calculated  from 

J (E„.R)  = q(E„)  Pg  (E^.R)  R"® 

where 

Ps  probability  that  a neutron  of  energy 

survive  to  travel  a distance  R.  This  function,  divided  by 
R®  is  plotted  In  Figure  2 for  neutron  energies  of  10  keV, 

1 MeV,  and  100  MeV. 

In  Figure  A1  Is  plotted  our  calculation  of  the  expected  neutron  energy 
spectrum  for  the  August  4,  1972  flare  at  distances  from  the  flare  site  of 
5,  10  and  20  solar  radii  and  0.2,  0.5,  and  1.0  AU.  In  Figures  A2  and  3, 
the  integral  neutron  flux  (integrated  over  neutron  energy  to  10®  MeV)  Is 
plotted  for  R « 0.01  to  1.0  AU  (Figure  A2)  and  R > 2 to  50  solar  radii 
(Figure  3).  (The  major  contributions  to  this  Integral  are  from  neutrons 
of  energy  1 MeV  to  100  MeV). 

The  extrapolation  of  these  results  to  flares .other  than  the  August  4, 
1972  flare  Is,  at  best,  tenuous.  With  neither  neutron  nor  gamma  ray  ob- 
servations the  only  other  normalization  factor  available  is  the  high  energy 
proton  flux. 
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Figure  A1  Calculated  differential  solar  neutron  spectrum  expected  from 

the  August  4,  1972  solar  flare  at  5.  10,  and  20  solar  radii  and 


INTEGRAL  NEUTRON  FLUX  CCM2  SEC 3-1 


‘::o6 — fio — ^20 — tso  15  m 
DISTANCE  FROM  SUN  CA.U. 3 

Figure  A2  Calculated  Integral  solar  neutron  flux  expecte 
AuQUSt  4,  1972  solar  flare  from  0.01  to  1.0  AU 


Of  25  solar  flares  defined  as  "fnajor"  by  King  (1974)  which  occurred 
during  solar  cycle  20  from  1966  to  1972,  the  August  4.  1972  flare  was  the 
largest.  Total  fluences  of  protons  with  energy  above  10  HeV  ranged  from 
MOX  to  0.1%  of  the  August  flare  fluence.  Presumably  the  expected  neutron 
flux  may  be  scaled  from  flare  to  flare  In  proportion  to  the  observed  proton 
fluence.  Thus  one  may  naively  expect  an  average  "major"  flare  to  contribute 
a neutron  flux  of  a few  percent  of  the  values  calculated  here.  Finally,  due 
to  the  fact  that  the  neutron  pulse  from  a flare  Is  so  short  (on  the  order 
of  an  hour)  any  observer  will  either  see  the  flare  and  be  subject  to  the 
full  neutron  fluence  or  will  be  on  the  wrong  side  of  the  Sun  and  see  nothing. 
Assuming  an  isotropic  neutron  angular  emission  distribution,  any  observer 
will  see  % half  of  all  neutron  events. 

In  summary,  for  the  spacecraft  on  a trajectory  which  passes  within 
10  solar  radii,  the  neutron  fluence  for  a flare  on  the  "visible"  side  of 
the  Sun  of  the  magnitude  of  the  August  4,  1972  event,  and  with  neutron 
emission  occurring  for  %10^  sec,  will  be  10^  - 10^  neutrons/cm^  In  the 
energy  range  1-100  MeV. 


The  writer  Is  Indebted  to  David  Chenette  for  his  assistance,  especially 
for  the  calculations  in  the  Appendix  relating  to  the  August  4.  1972  event. 

This  work  was  supported  in  part  by  NSF  Grant  ATM  77-24494  and  NASA  Grant  N6L 
14-001 -006. 
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ON  NEUTRONS  FROM  IME  SUN 
H.S.  Ahluwalia 

Department  of  Physics  and  Astronomy 
The  University  of  New  Mexico 
Albuquerque,  New  Mexico  87131 

1.  Introduction.  Biermann  et  aL  (1951)  were  the  first  to  predict  that 
neutrons  of  solar  origin  may  sometimes  be  found  in  the  neighboxbood  of  the 
earth.  They  pointed  out  that  solar  protons  which  give  rise  to  the  groiaid 
level  enhancement  (GLE)  following  a large  solar  flare  must  undergo 
nuclear  interactions  in  the  solar  atmosphere.  Neutrons  are  one  of  the 
by-products  of  these  reactions.  Magnetic  fields  on  the  sun  and  In  the 
interplanetary  medium  do  not  significantly  restrain  them.  Solar  neutrons 
should  therefore  be  observed  near  earth  at  the  time  of  GLE,  provided  that 
(a)  the  neutrons  are  emitted  in  the  direction  away  from  the  sun,  (b)  there 
is  no  sink  for  neutrons  in  the  solar  atmosphere,  and  (c)  the  neutrons 
have  large  enough  kinetic  energy  to  survive  the  journey  to  the  orbit  of  the 
earth;  neutrons  have  a mean  life  of  about  1000  seconds. 

Refined  calculations  made  by  Hess  (1962),  Chupp  (1963,  1971),  and 
Lingenfelter  et  al.  (1965a,b}  1967)  indicate  that  a measurable  flux  of 
hi^  energy  solar  neutrons  should  be  obtainable  near  the  orbit  of  the 
earth  following  a large  solar  flare,  perhaps  of  the  type  observed  on 
23  February  1956. 

?.  Solar  Neutron  Searches.  In  1975  I made  a survey  of  all  the  eiqierl- 

■ents  carried  out  over  the  previous  decade  to  verify  the  theoretical  pre- 
dictions mentioned  above  (Ahluwalia,  1975a, b).  The  survey  is  given  in 


Table  1.  One  can  see  that  with  the  exception  of  one  measurement*  all 
others  only  define  upper  limits  for  the  flux  of  solar  neutrons.  The 
claim  of  definite  discovery  by  Apparao  et  al  (1966)  has  been  seriously 
questioned  by  Hess  and  Kaifer  (1967).  Moreover  the  large  solar  neutron 
flux  reported  by  Apparao  et  al.  has  not  been  confirmed  by  later  experi- 
ments with  much  better  statistics.  For  exanqple*  compare  the  result  of 
/^parao  et  aL  with  the  flux  reported  by  Leavitt  et  al.  (1972),  my  colleagues 
at  the  University  of  Hew  Mexico.  Leavitt  et  aL  covered  an  almost  identical 
energy  range  as  Apparao  et  al.,  yet  their  reported  upper  limit  of  4 
neutrons/ (m^  sec)  is  the  lowest  in  Table  1.  Similar  numbers  have  been 
reported  recently  by  Moon  et  al.  (1976).  It  should  be  pointed  out  that  no 
GLR  was  observed  either  immediately  before  or  during  the  times  of  obser- 
vation listed  in  Table  1.  The  null  results  therefore  allow  only  a restrict 
ed  inference  to  be  drawn.  They  perhaps  imply  that  there  is  iw  steady  b^te 
flux  of  hl^  energy  solar  neutrons  near  the  orbit  of  the  earth,  above  the 
noise  level  of  the  detectors  used.  One  need  not  conclude  however  that 
neutrons  are  not  produced  in  the  solar  atmosphere. 

As  a matter  of  fact,Chtq>p  et  aL  (1973)  have  reported  the  discovery  of 
the 2.224  MeV  y-ray  line  characteristically  associated  with  the  formation 
of  a neutron.  The  line  was  observed  during  the  large  solar  flares  of 
August  4 and  7,  1972.  The  clear  implication  is  that  at  ’ low  energy 
neutrons  must  have  been  present  in  the  solar  atmosphere  during  these  times. 
Interestingly  enou^GLE*s  were  observed  on  these  two  dates.  Unfortunately, 
no  neutton  detectors  were  aloft  on  these  days,  mo  it  is  not  clear  whether 
any  high  energy  neutrons  were  also  produced.  However,  Reppin  et  al.  (1973) 
estimate  that  a neutron  detector  covering  a kinetic  energy  (T^)  range 
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10  MeV  £100  MoV  would  have  detected  a peak  flux  of  about  20  neu- 

2 2 
trons/(ro  sec)  on  August  4 and  about  30  to  50  neutrons/ (m  sec)  on 

August  7,  following  the  flares. 


3.  A Case  for  Low  Enerev  Solar  Neutrons.  Our  sun  is  known  to  emit 
protons  in  the  energy  range,  O.S  MeV  £1^  £100  MeV,  quite  frequently 
(McCracken  and  Rao,  1970).  These  protons  are  prevented  from  reaching  the 
ground  level  by  absorption  in  the  atmosphere  of  the  earth.  They  can  only 
be  observed  directly  by  detectors  placed  on  high  flying  balloons,  on 
satellites  and  on  space  probes  or  indirectly  by  observing  the  so-called 
polar  cap  absorption  (PCA)  events.  At  this  workshop  I wish  to  restate  my 
case  regarding  the  strong  possibility  that  low  energy  neutrons  are  likely 
to  be  far  more  frequently  produced  in  the  solar  atmosphere.  A large 
fraction  of  such  neutrons  decay  on  their  ~ ' 

way  to  earth;  e.g.,  a 2 MeV  solar  neutron  ^ 4 


has  less  than  1 in  1000  chances  to  ar- 

O : 

W 

rive  at  the  orbit  of  the  earth.  So  even  I 

at 

< . 

if  we  have  a spectrum  of  neutrons  pro-  q 

L 

duced  on  the  sun,  the  lower  energy  neu-  ui  I 

5 * 

trons  are  lost  through  decay  in  the  in-  z 10®  — 

terplcuietary  medium.  Also  the  higher  (j  Z 
energy  neutron  flux  suffers  a 1/r^  at-  ^ loi®-- 


teriuation  with  distance.  So  their  pre- 
sence at  the  orbit  of  the  earth  is  com- 
pletely masked  by  the  noise  level 
the  detectors,  at  least  of  the  typos 
listed  in  Table  1.  So  the  null  result 


of  direct  neutron  searches  can  indeed 
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CORONAL  ABUNDANCE 
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bo  roconcilod  with  the  positive  inforcnce  dcnuindod  by  the  Chupp  et  al.  discovery. 

Figure  1 shows  the  elementnl  abundance  in  the  solar  corona  relative  to 

the  hydrogen  abimdance  of  l(/\  given  by  Pottasch  (19(»7).  Note  that  the  heavy 

elements  Fe,  S,  Si  and  Mg  are  about  as  abundant  as  are  the  light  elerocnts  Ne  aivi 

N.  Together  the  four  heavy  elements  are  about  l/b  times  as  abundant  as  are 

the  light  elements  C,  N,  0,  and  Ne  together.  Lingenfelter  et  al.  (19bSa.b; 

1967)  have  made  estimates  of  neutron  fluxes  in  which  protons  with  T > 100  MeV 

P 

undergo  (p,nx)  reactions  with  light  micleii.  lie,  C,  N.  0,  and  Ne.  Unfortunately 
the  energy  range  and  the  fluxes  of  the  energetic  protons  used  by  them  are  based 
on  the  numbers  observed  during  the  flare  of  23  February  19S6.  Their  calcula- 
tions therefore  make  very  optimistic  predictions  for  the  flux  of  solar  neutrons 
with  mean  energy  of  u out  100  MeV.  In  fact  searches  listed  in  Table  I were  in 
part  inspired  by  these  calculations.  We  now  know  that  the  flare  of  23  Feb- 
ruary 1956  was  quite  a spectacular  event.  No  other  such  event  has 
been  observed  in  the  last  forty  years. 


Figure  2 gives  neutron  separation  energy  for  stable  nuclides  up  to  iron. 
Tlteir  natural  abundance  is  indicated  by  vertical  lines  from  the  top  of  the 
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significant  number  of  daughter  neutrons  through  (p,u)  reactions  for 

Tp  £ 10  MeV,  Also  relatively  more  abundiint  species  like  ^**Fe  ('v90*  | and 
14 

N ('vlOOk)  should  contribute  a significant  proportion  of  neutrons  for 
Tp  < 10  MeV. 

(ii)  It  should  be  borne  in  mind  that  the  solar  pr«*ton  speitrum  Is  known 

to  be  very  steep  (Ahluwalia,  1969)*  It  has  the  form  of  a power-law, 

with  exponent  -S.  This  indicates  that  for  each  proton  with  T o lOO  MeV. 

P 

there  are  10^  protons  with  Tp  » 10  MeV.  This  large  flux  of  lower  energy 
protons  con  turn  even  a minor  solar  constituent  into  a prolific  contributor 
of  neutrons  involving  (p,n)  reactions. 

(iii)  Elsewhere  (Ahluwalia,  1969,  1971)  we  have  argued  that  on  some 
occasions  protons  with  Tp  < 10  MeV  continue  to  be  produced  on  the  sun 

for  several  tens  of  hours  after  the  visible  traces  of  the  optical  solar  flare 
have  vanished.  Such  protons  may  even  be  stored  at  suitable  locations  in 
the  solar  atmosphere.  It  is  clear  therefore  that  during  the  period 
between  the  acceleration  and  the  escape  of  solar  protons  into  the  inter- 
planetary medium  neutrons  must  be  produced  through  (p,n)  reactions,  among 
other  things,  ihie  might  then  expect  to  see  the  2.22A  MeV  >-ruy  line  for  an 
appropriate  period  of  time.  Clearly  the  Intensity  of  the  line  at  a given 
time  would  depend  upon  the  reaction  rate  available  in  the  region  where  the 
protons  are  accelerated  and/or  are  stored. 

4.  Conclusion.  Prom  the  above  discussion  it  is  clear  that  the  solar 
probe  mission  discussed  at  this  workshop  for  the  last  two  days  is  just  the 
right  thing  to  do  in  order  to  discover  the  low  energy  neutrons  of  solar 
origin.  If  they  are  detected, a faster  than  r -rise  in  the  counting  rate 
of  the  detector  towards  the  sun  would  of  course  confirm  the  discovery. 


Tliesc  neutrons  are  likely  to  carr>'  very  useful  inforinutton  about  the  nature, 
the  locale,  the  lifetime  and  the  mode  of  operation  of  the  accoloratlon 
processes  In  the  solar  atmosphere,  lly  modest  hope  Is  that  the  infornuition 
that  we  gather  on  this  mission  will  lead  to  a rapid  development  of  the  scienc 
of  solar  meteorology  which  in  turn  might  one  day  make  it  possible  to  foro' 
cast  solar  activity  more  reliably,  on  a long-term  basis. 

This  afternoon  1 have  avoided  talking  about  the  desirable  detector 
characteristics  that  might  be  used  on  the  exploratory  mission.  We  propose 
to  do  this  at  a later  date,  aim  was  more  limited,  in  that  1 wanted  to 
convince  this  audience  that  if  and  when  solar  probe  mission  is  undertaken, 
search  for  low  energy  solar  neutrons  must  be  one  of  its  prime  objectives. 
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ABSTRACT 

Scientific  objectives  for  solar-wind  Investigations  relevant  to  a Solar 
Probe  mission  are  outlined  and  put  in  perspective.  Information  gained  from 
the  various  possible  measurements  are  also  listed. 
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Over  the  pest  20  yeers«  teseorch  workers  in  the  field  of  Interplenetery 
physics  have  made  substantial  progress  toward  understanding  the  solar  wind 
phenomenon.  Many  experiments  conducted  In  space  since  and  Including  the 
Marl»-.er-II  mission  to  Venus  have  provided  a fairly  complete  observational 
description  of  solar  wind  characteristics  in  the  ecliptic  plane  between 
about  0,3  and  10  AU  (see,  for  example,  reviews  by  Neugebauer,  1975;  Montgomery, 
1976;  Feldman  et  al..  1977;  Behannon,  1978).  Plans  are  presently  being  made 
to  extend  this  description  to  high  heliographic  latitudes. 

Concurrently,  theoretical  tools  were  developed  to  understand  the  physics 
of  the  coronal  expansion  and  to  organise  the  mass  of  observations  Into  a few 
simple  models  (see,  for  example,  Parker,  1963;  Hundhausen,  1972;  Holser,  1976, 
1978).  For  example,  given  the  fact  that  a hot  corona  surrounds  the  Sun,  the 
necessity  for  a supersonic  expansion  Is  presently  understood  from  both  fluid 
dynamic  and  exospheric  points  of  view.  Additionally,  simple  fluid  models  have 
been  developed  which  are  capable  of  describing  the  evolution  of  large  scale 
plasma  structures  Injected  Into  the  ambient  solar  wind  flow  by  virtue  of 
temporal  or  spatial  variations  In  coronal  conditions. 

Despite  all  of  this  effort,  several  basic  aspects  of  the  solar  wind 
flow  remain  unresolved.  Foremost  Is  that  neither  the  state  of  the  coronal 
plasma  nor  the  microphysical  processes  which  affect  the  flow  In  Interplanetary 
space  are  known  well  enough  to  define  a unique  model  for  the  acceleration 
of  the  solar  wind. 

The  primary  gap  In  our  understanding  of  this  acceleration  Is  knowledge 
of  the  evolution  of  the  various  forms  of  soUr  energy  flux  leading  to  a 
supersonic  expansion.  Several  such  forms  have  been  suggested  previously  and 
are  schematically  Illustrated  In  Figure  1.  Distance  and  vector  length  scales 
are  not  Indicated  because  details  of  the  coronal  expansion  have  not  yet  been 
experimentally  verified.  It  Is  thought,  but  not  yet  directly  obs;*rved.  that 
waves  from  the  Sun  penetrate  the  chromosphere-corona  transition  region  to  heat 
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and  heat  flux  vectors  decrease  and  the  velocity  vector  increases  in  breadth 
and  length.  In  actual  fact,  this  ring  may  overlap  the  region  where  waves 
of  solar  origin  are  still  significant  and  damping. 

Theories  of  the  steady  state,  structure-free  solar  wind  start  above 
the  coronal  teiw^erature  maximum  and  explore  the  consequences  of:  1)  a thermal 
pressure  grad  2)  electron  heat  flux  under  the  assumption  of  various 
conductivity  la%rs,  3)  a wave  pressure  gradient  leading  to  direct  acceleration, 
A)  %iave  damping  contributing  to  a thermal  pressure  gradient  and  acceleration, 
and  S)  various  degrees  of  magnetic  field  line  spreading  (see,  for  ^anq>le, 
reviews  by  Holzer,  1978,  and  Hollweg,  1978).  Despite  much  effort,  no 
unified  and  unique  theory  of  the  outer  solar  atmosphere  is  generally  accepted. 
The  primary  lesson  here  Is  that  sufficiently  many  steady-state  components  may 
possibly  cooperate  to  accelerate  coronal  plasma  that  obs<’.rvatlon  of  the  flow 
state  at  1 AU  Is  not  sufficient  to  define  the  precise  mix  of  mechanisms 
operating  at  any  one  time. 

Causes  for  observed  variations  in  this  flow  state  are  consequently  not 
known.  The  problem  Is  compounded  by  the  fact  that  although  high  speed  flows 
are  known  to  evolve  from  coronal  tx>les,  the  origin  of  low  speed  flows  Is 
uncertain.  Suggested  coronal  footpolnts  of  low-speed  solar  wind  Include: 

1)  the  edges  of  coronal  holes,  2)  quiet  coronal  regions,  3)  active  regions, 
and  4)  streamers.  An  additional  complication  concerns  the  role  of  transient 
phenomena  In  determining  the  structure  of  the  solar  atim)sphere  through  their 
contribution  of  coronal  heating  and  solar  wind  acceleration. 

Host  of  the  present  ambiguities  can  only  be  resolved  by  complete  measure- 
ments of  the  plasma  flow  and  wave  field  characteristics  for  heliocentric 
distances  Inside  about  20  solar  radii.  For  example,  radial  profiles  of  the 
follotrlng  parameters  should  be  measured:  1)  the  solar  wind  density  and  bulk 
speed  to  determine  the  radial  extent  of  the  region  of  bulk  acceleration,  2)  the 
electron  velocity  distribution  to  determine  a conductivity  law  including  the 


I 

I 


^ J-4-*  ■* 

/■ 


/’ 

V 


V; 

I 

i 

V;’ 


I- 

% 


“'K’' 

V 

i:“ 


role  of  supra-thermal  electrons  In  carrying  energy  flux,  the  gradient  of  the 
Interplanetary  electrostatic  potential  and  the  electron  thermal  pressure 
gradient,  3)  the  proton  velocity  distribution  to  determine  the  proton 
contribution  to  the  thermal  pressure  gradient  as  veil  as  to  provide  a 
signature  of  wave  damping  and  Ion  Jets,  4)  the  alpha-particle  velocity 
distribution  to  provide  some  information  concerning  the  nature  and  damping 
rate  of  the  high  frequency  wave  field  as  well  as  the  degree  to  which  alpha 
particles  load  the  bulk  expansion,  5)  the  hydi  .magnetic  wave  field  to  determine 
the  extent  and  magnitude  of  direct  wave  acceleration  and  wave  damping  leading 
to  acceleration  through  the  intermediary  of  a thermal  pressure  gradient, 

6)  the  D.C.  magnetic  field  to  allow  estlmatesof  the  Alfven  speed  and  the 
position  of  the  critical  point  as  well  as  to  facilitate  an  Identification 
of  the  coronal  footpoints  of  the  flow,  and  7)  the  heavy  ion  Ionization  state 
densities  to  provide  an  estimate  of  the  electron  temperature  and  temperature 
gradient  inside  of  4 solar  radii. 

All  these  measurements  can  and  should  be  made  aboard  one  and  preferably 
two  solar  probe  spacecraft  with  perihelion  as  close  to  the  Sun  as  possible. 

Two  spacecraft  will  be  very  Important  for  separating  spatial  and  time 
variations  for  defining  the  wave  field  close  to  the  Sun. 

Although  the  problem  of  the  acceleration  of  the  solar  wind  Is  fundamental 
to  progress  in  the  field  of  coronal  and  interplanetary  physics,  several  other 
problems  are  also  important  and  can  be  resolved  %rlth  Solar-Probe  instrumentation. 
These  include  a determination  of:  1)  the  solar  wind  angular  momentum  flux  and 
consequent  solar  spin  down  rate,  2)  the  character  of  the  expansion  within 
streamers  and  above  active  regions,  3)  the  sharpness  of  boundaries  betwem 
flows  close  to  the  Sun  which  evolve  from  different  coronal  regions,  4)  the 
origin  of  various  slow  speed  flows  including  those  density  enhanced  flows 
observed  at  1 AU  which  do  not  appear  to  result  from  a compression  in 
Interplanetary  space,  5)  the  extent  of  heavy  element  fractionation  as  well  as 
the  mix  of  physical  processes  causing  spatial  and/or  temporal  abundance  varia- 
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tlons,  6)  the  origin  of  hydromagnetic  waves  in  the  solar  wind,  and  7)  the 
mechanisms  of  hydromagnetic  wave  damping  when  wave  amplitudes  are  large. 

In  summary,  many  of  the  fundamental  questions  concerning  solar  wind 
acceleration,  have  not  been  answered  to  date  but  can  be  successfully  resolved 
with  state  of  the  art  plasma  and  field  measurements  made  from  one,  and 
preferably  two,  Solar-Probe  spacecraft.  Consequently  this  mission  should 
receive  the  highest  priority  in  current  NASA  planning. 
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ABSTRACT 

A review  is  presented  of  current  experimental  and  theoretical 
knowledge  of  plasma  waves  in  the  solar  wind,  with  comments  on  the 
scientific  importance  of  obtaining  plasma  wave  measurements  in  the 
region  near  the  sun  with  the  solar  probe.  The  waves  discussed  include 
the  acoustic  waves  and  shocks  which  are  thought  to  be  the  primary 
source  for  heating  the  solar  corona,  Alfvin  waves,  ion-cyclotron 
waves,  whistler-mode  turbulence,  ion-acoustic  waves,  and  electron 
plasma  oscillations  associated  with  solar  radio  emissions.  A dis- 
cussion is  presented  of  the  types  of  measurements  which  would  be 
needed  to  study  these  waves  on  the  solar  probe,  the  constraints  Inqposed 
on  the  spacecraft  and  the  research  and  development  which  would  be 
needed  to  provide  the  necessary  instrumentation. 
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I.  INTRODUCTION 


i 

Vi 


>/ 

IP 

>• 


For  mony  yoors  It  h«6  been  widely  aeeepted  that  wevoe  pUy  » 
f„„d.»ent.l  role  In  the  encrey’  trennport  end  mlcroscople  etructure  of 
«.e  soler  coron.  and  the  solar  wind.  To  explain  the  eery  high  te«- 
eratures  of  the  solar  eorona.  Ble^ann  [19481  and  Sehwarsehild  [1948] 
proposed  that  waves  propagating  outward  from  the  photosphere  provide 
sl«  pr;nary  nechanlsB  for  heating  the  solar  eorona.  later  Parker  [1958 
in  his  »del  of  the  solar  wind  assuaed  the  presenee  of  waves  to  provide 
. hhensallzlng  process  which  would  salntaln  the  fluld-llke  properties 
of  the  eoUlslonless  solar  wind  plassa.  Early  radio  observations  by 
«Ud  [19501  and  other,  also  provided  direct  evidence  of  various  eoaplex 
pussa  wav.  and  radio  ealsslon  processes  occurring  at  high  frequencies 
following  solar  flares  and  other  Uanslent  events  at  the  sun.  With  the 
Invent  of  direct  In  Ijtu  spacecraft  measurements,  cur  knowledge  of 
waves  in  the  solar  wind  ha.  Increased  rapidly.  It  1.  now  known  that 
an  extraordinarily  wide  variety  of  plasma  waves  occur  In  the  solar  wind 
near  the  orbit  of  the  e«rth,  «ctendlng  from  very  long  wavelengto 
Alfv<n  wave.,  with  periods  of  minutes  to  hours,  to  short  wave  length 
electrostatic  wave,  with  frequencies  near  the  local  electron  plasma 
fr«,uency.  These  wave,  have  many  Important  effects  on  the  physic,  of 

the  interplanetary  medluB. 
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Although  much  is  known  concerning  the  waves  which  exist  in  the 
solar  wind  near  the  orbit  of  the  earth,  many  questions  remain  concerning 
the  waves  which  occur  much  closer  to  the  sun.  At  the  present  time  the 
closest  measurements  to  the  sun  have  been  obtained  from  the  Hellos  1 
and  S spacecraft  at  approximately  0.3  AU.  As  will  be  discussed  in  the 
next  section  most  of  the  waves  detected  by  Hellos  show  a strong  radial 
dependence,  increasing  rapidly  in  intensity  with  decreasing  radial 
distance  from  the  sun.  Presumably  these  waves  have  Increasingly 
important  effects  on  the  solar  wind  plasma  in  the  unexplored  region 
Inside  of  0.3  AU.  Furthermore,  some  of  the  most  important  waves, 
which  play  an  Important  role  in  heating  the  solar  wind  can  only  be 
observable  well  inside  of  O.3  AU*  The  solar  probe  mission  which  will 
provide  measurements  in  to  4 solar  radii  (O.OI9  AU)  represents  an 
ideal  opportunity  to  investigate  the  role  of  waves  in  the  solar  wind 
and  solar  corona,  particularly  in  the  very  important  region  near  about 
7 solar  zadii  where  the  solar  wind  becomes  supersonic.  In  this  paper 
we  will  briefly  review  the  types  of  waves  which  are  expected  in  the 
solar  wind  on  the  basis  of  present  theoretical  and  experimental  ideas, 
and  comment  on  the  scientific  relevance  of  providing  measurements  of 
these  waves  on  the  solar  probe.  In  addition,  we  will  comment  on  the 
type  of  measurements  which  need  to  be  made,  the  constraints  imposed  on 
the  spacecraft  and  the  research  and  development  which  needs  to  be  done 
to  provide  the  necessary  instrumentation. 
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II.  A SURVEY  OF  SOUR  WIND  PUSMA  WAVES  AND  THE 
CONTRIBUTION  A SOUR  PROBE  MISSION  COULD 
JAKE  TO  THE  INVESTIGATION  OF  THESE  WAVES 

In  Figure  1 we  attempt  to  summarize  the  various  types  of  plasma 
waves  which  are  either  known  to  occur  or  are  theoretically  predicted 
to  occur  in  the  solar  corona  and  solar  wind.  The  frequency  range  of 
interest  extends  over  a very  large  range,  from  well  below  ion  cyclotron 
frequency  to  above  the  electron  plasma  frequency.  The  approximate 
radial  variation  of  the  various  characteristic  frequencies  of  the  plasma 
are  indicated  in  Figure  1.  The  wave  phenomena  associated  with  each 
frequency  range  will  be  discussed  in  order  of  increasing  frequency, 
starting  with  the  lowest  frequencies  closest  to  the  sun. 

A.  Acoustic  and  Shock  Wave  Heating  of  the  Solar  Corona 

The  basic  energy  source  for  heating  the  solar  corona  is  believed 
to  be  acoustic  waves  which  are-  propagating  upward  into  the  chromosphere 
and  coroda  from  the  photosphere.  (For  a review  of  this  process  see 
Brandt,  1970,  and  Bray  and  Loughhead,  197^.)  The  existencw  of  these 
waves  was  first  proposed  by  Biermann  [19^83  and  Schwarzschild  [19^3 
to  explain  the  rapid  rise  in  the  temperature  from  the  photosphere  to 
the  solar  corona  (see  Figtire  2).  Since  the  temperatxpe  in  Uiis  transi- 
tion region  increases  w.ith  increasing  radial  distance  thermal  conduction 
and  radiation  transfer  cannot  e]q;>lain  the  observed  tenperature  rise* 
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Figure  1 The  hc-liocontric  radial  variation  of  the  varioua  charac- 
teristic froqm-ncles  of  the  plasma  in  the  solar  wind  and 
solar  roronn. 
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Some  other  energy  transport  mechanism,  such  as  waves,  is  therefore 
needed  to  account  for  the  high  temperature  of  the  corona*  The  waves 
responsible  for  the  coronal  heating  are  thou^t  to  be  long  wavelength 
acoustic  waves  generated  by  turbulence  convection  ceUs  below  the  photo- 
sphere (see  Figure  3).  The  periods  of  these  waves  are  greater  than 
about  100  sec.  As  currently  understood,  the  acoustic  waves  generated 
by  this  turbulence  propagate  upward  into  the  chormosphere  and  are  ab- 
sorbed, thereby  heating  the  plasma.  Details  of  the  absorption  process 
are  uncertain.  In  one  model,  the  waves  grow  in  amplitude  as  they 
propagate  upward  into  regions  of  decreasing  density  and  are  eventually 
converted  to  shocks  which  dissipate  their  energy  in  the  lower  regions 
of  the  corona.  Just  how  far  these  waves  propagate  into  the  solar  corona 
is  unknown.  According  to  the  classical  hydrodynamic  picture  the  waves 
are  strongly  damped  in  the  lower  corona  and  would  not  be  observed  by 
the  solar  probe  at  4.0  solar  radii.  However,  when  magnetohydrodynamic 
effects  are  considered  it  is  possible  that  the  acoustic  waves  couple 
to  a relatively  undamped  mode,  such  as  the  transverse  Alfv^n  wave  which 
could  propagate  over  long  distances.  Confirmation  of  the  basic  wave 
heating  mechanism  for  the  solar  corona  is  extremely  Important,  since 
at  the  present  time  no  evidence  exists  which  directly  demons tiates 
the  presence  of  large  amplitude  acoustic  waves  at  the  base  of  the  solar 
corona.  Althouf^  the  solar  probe  does  not  pass  close  enough  to  the 
sun  to  obtain  direct  in  si^  measurements  in  the  region  wtere  the  maximum 
heating  takes  place,  the  possibilities  for  detecting  some  associated 
wave  activity  propagating  out  to  - 4 solar  radii  are  probably  very  high. 
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Figure  3 A photograph  of  the  turbulent  convection  cells  which  are 


believea  to  produce  the  waves  which  heat  the  solar  corona. 


The  waves  produced  by  this  turbulence  are  believed  to  be 


acoustic  waves  with  periods  of  about  100  sec*  Photograph 


from  Brandt  [1970]. 
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B.  Alfv^n  Waves 
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It  has  been  known  for  many  years  that  large  amplituae  Alfv^n 
waves  are  commonly  observed  in  the  solar  wind  near  1 AU  [Coleman^  I966]. 

A typical  example  of  these  waves,  showing  the  close  correlation  of  the 
magnetic  field  ^ and  plasma  flow  velocity  v,  is  shown  in  Figure  4,  from 
Belcher  and  Davis  [1971] • For  a review  of  these  and  other  waves  in  the 
solar  wind,  see  HoUweg  [19753 • As  can  be  seen  the  waves  often  have 
very  large  amplitudes  at  1 AU,  with  magnetic  field  amplitudes  in  some 
cases  comparable  to  the  ambient  solar  wind  magnetic  field  strength.  Cobh 
parisons  of  the  phase  of  the  magnetic  field  and  plasma  flow  velocity 
perturbations  show  that  the  waves  are  always  propagating  outward  from 
the  sun,  with  no  coaponent  propagating  back  toward  the  sun.  This  ob- 
servation is  used  by  Belcher  and  Davis  to  argue  that  the  waves  most  be 
generated  inside  of  the  Alfvdn  critical  point  at  7 solar  radii.  EP 
the  source  of  the  waves  is  located  beyond  the  Alfv^n  critical  point, 
then  the  sunward  pTOpag^ting  components  should  be  observed  at  1 AU,  since 
all  waves  generated  beyond  the  critical  point  are  transported  outward  from 
the  sun  by  the  solar  wind  flow.  However,  if  the  source  is  located  Inside 
of  the  critical  point,  the  sunward  propagating  waves  would  propagate  in 
to  the  photosphere  and  be  lost  by  coUisional  danping,  thereby  explaining 
their  absence  at  1 AU.  Since  the  Alfv^n  waves  are  weakly  damped  and  are 
apparently  generated  very  close  to  the  sun  it  seems  quite  likely  that 
they  may  be  a by-product  of  the  intense  acoustic  wave  heating  which 
occurs  at'  the  base  of  the  solar  corona. 


269 


I"-.  ■ 


Because  of  the  large  amplitude  of  the  Alfv^n  waves  observed  at 
1 AU,  several  authors  have  suggested  that  the  damping  of  these  waves, 
by  various  mode  conversion  processes,  may  contribute  significantly  to 
the  heating  of  the  solar  corona  out  to  large  distances  from  the  sun, 

~ 10  to  20  solar  radii  [Hartle  and  Barnes,  1970].  This  possibility  is 
important  for  understanding  the  overall  structure  of  the  solar  wind 
since  various  models  of  the  solar  wind  flow  show  disagreements  with 
observations  which  could  be  reconciled  by  a relatively  small  lOjJ  heat 
input  into  the  solar  wind  at  radial  distances  out  to  about  20  solar 
radii  [see  the  discussion  by  Hundhausen,  1972].  At  the  present  time 
very  little  is  known  about  the  radial  dependence  of  the  Aflv^n  wave 
amplitudes  inside  of  1 AU.  Appropriate  wave  measurements  on  the  solar 
probe  mission  would  provide  a very  important  contribution  to  our  under- 
standing of  the  solar  wind  by  determining  the  relative  contribution  of 
magnetohydrodynamic  waves  to  the  solar  wind  heating  in  the  region  dose 
to  the  sun. 


C.  Ion-Cyclotron  Waves 

Extending  upward  in  frequency  from  the  Alfv^n  wave  portion  of 
the  spectrum  the  first  plasma  resonamse  effect  to  be  encountered  is 
at  the  proton  cyclx>tron  frequency,  fg.  As  discussed  by  Stix  [I962],  the 
slow,  (shear)  Alfv^n  mode  has  a resonance  at  fg,  and  does  not  propagate 
at  frequencies  greater  than  fg.  Near  the  proton  cyclotron  frequency 
this  mode  is  called  the  ion  cyclotron  mode.  Considerable  theoretical 
interest  has  been  placed  on  the  ion  cyclotron  mode  because  of  possible 
resonant  wave-particle  interactions  with  ions  in  the  solar  wind. 
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Observfttionally,  it  is  difficult  to  establish  the  presence  of  ion- 
cyclotron  waves  in  the  solar  wind  because  the  large  Doppler  shifts  tend 
to  spread  out  the  resonance  effects  at  f*.  However,  solar  wind  magnetic 
field  spectruns,  such  as  in  Figure  5 from  Behannon  [1976],  consistently 
show  a break  in  the  slope  of  the.  spectrum  near  f^,  which  strongly 
suggests  a propagation  cutoff  at  the  proton  cyclotron  frequency. 

Behannon  [19?6]  also  presents  arguments  for  the  occurrence  of  ion 
cyclotron  waves  in  the  solar  wind  on  the  basis  of  polarization  measure- 
ments. 

Because  of  the  decreasing  proton  gyrofrequency  with  increasing 
radial  distance  fsrom  the  sun  ion  cyclotron  waves  are  generated  as  a 
natural  consequence  of  the  outward  propagation  of  Alfv^n  waves 
from  the  sun,  similar  to  the  ’’magnetic  beach”  discussed  by  Stix  [I962]. 
Ion  cyclotron  waves  can  also  be  produced  by  ion  cyclotron  mode  insta- 
bility when  T||  < [Gary  et  1976].  Since  ion  cyclotron  waves  can 
interact  resonantly  with  alpha  particles  and. other  heavy  ions  as  well 
as  with  protons,  it  is  thought  that  these  waves  may  play  an  important 
role  in  the  acceleration  of  alpha  particles  and  other  heavy  ions 
[HoUweg  and  Turner,  1978] > which  are  observed  to  have  anomalously  high 
flow  speeds  at  1 AU.  To  fully  evaluate  these  ion-cyclotron  wave  inter- 
action effects  magnetic  fi^d  spectruios  similar  to  those  in  Figure  5 
need  to  be  obtained  at  radial  distances  much  closer  to  the  sun. 

D.  Whistler-Kiode  Turbulence 

At  frequencies  above  the  proton  gyrofrequency,  the  next  higher 
resonance  frequency  to  be  encountered  is  the  electron  gyrofrequency,  fg. 


POWER  DENSITY  (y*/Hz) 


Behannon  [1976]  from  the  Mariner  10  spacecraft*  The 


break  in  the  slope  of  the  spectrum  near  ~ 1*0  Ha  Is 
believed  to  be  due  to  the  Ion  cyclotron  resonance  at  f^ 
(see  Figure  1)|  which  represents  the  upper  limit  of  the 
ion  cyclotron  mode*  Because  of  Doppler  shifts  the  cyclo* 
tron  resonance  is  not  sharply  defined* 


For  freqvienolec  botwoen  f’*’  aad  f"  the  only  electromagnetic  mode  which 
can  propagate  Is  the  right-hand  polarized  whistler  mode*  This  mode 
represents  the  upward  extension  of  the  fast  (coropressional)  Alfv^n  mode. 
Recent  mcasuroments  from  the  Hellos  spacecraft  have  shovm  that  a weak 
nearly  steady  level  of  magnetic  field  turbulence  is  present  in  the  solar 
wind  at  frequencies  up  to  near  the  electron  gyrofrequency  [Neubauer  et  al.^ 
1977].  Considerations  of  the  probable  Doppler  shift  and  frequency 
range,  between  the  electron  and  ion  gyrofrequencies,  strongly  suggest 
that  this  tvirbulence  is  caused  by  whistler-mode  waves.  A typical 
exan5)le  of  'the  magnetic  field  intensities  associated  with  this  whistler- 
mode turbulence  is  shown  in  Figure  6,  from  Neubauer  ^ al»  [19773*  As 
can  be  seen,  the  Intensity  of  this  turbulence  increases  rapidly  with 
decreasing  frequency  and  with  decreasing  radial  distance  from  the  sun* 
Several  possible  mechanisms  for  generating  unstable  whistler- 
mode waves  in  the  solar  wind  have  been  proposed,  including  thermal 
anisotropies  in  the  ion  distribution  function  [Scarf  ^ al*,  I967]  and 
instabilities  driven  by  the  electron  heat  flux  [Gary  et  al*,  19763* 

At  the  present  time  it  seems  most  likely  that  the  whistler-xnode  tur- 
bulence detected  in  the  solar  wind  by  Helios  is  produced  by  an  electron 
heat  flux  instability,  althouc^  other  possibilities  such  as  the  non- 
linear cascading  of  long  wavelength  high  amplitude  Alfv^n  waves 
cannot  be  entirely  ruled  out.  Since  whistler-mode  waves  can  Interact 
resonantly  with  electrons  it  is  possible  that  this  turbulence  could 
play  an  important  role  in  the  pitch  angle  scattering  of  solar  wind 
electrons  or  in  controlling  the  thermal  conductivity  of  the  solar 
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Figure  6 Magnetic  field  fluctuations  in  the  frequency  range  between 
the  proton  and  electron  gyrofrequencies  observed  by  the 
Helios-1  spacecraft,  from  Neubauer  et  al.  [1977]. 


wind  foary  and  Poldman,  19773 • For  a review  of  theoe  and  other  kinotlc 
procecnofi  in  the  aolar  wind  noo  Feldman  [19783.  Since  tlio  intenoity  of 
the  whiatlor-moda  turbulence  detected  by  Hellos  is  found  to  increnso 
rapidly  v/ith  decreasing  radial  distance  from  the  nun,  It  in  important 
to  determine  the  Intensity  of  these  waves  and  their  effect  on  the  solar 
wind  electron  dlctributior;  inside  of  0.3  AU.  Those  qtientions  can  only 
be  answered  by  obtaining  wh^s tier-mode  measurements  closer  to  the  sun. 

E*  Ion-Acoustic  Waven 

In  laboratory  plasmas  one  of  the  most  commonly  observed  in- 
stabilities is  the  electrostatic  ion-acoustic  mode,  which  is  driven 

unstable  by  relatively  weak  cxirrents  when  T » T. . Since  T is 

e i e 

usually  only  slightly  larger  than  in  the  solar  wind,  it  was  initially 
somewhat  uncertain  whether  ion-acoustic  waves  would  be  generated  in  the 
solar  wind.  Fredricks  [19693  predicted  that  ion-acoustic  waves  should 
be  observed  In  association  with  shocks  and  other  discontinuities  where 
large  currents  exist,  and  Porslund  [1970]  proposed  that  ion-acoustic 
waves  should  be  generated  by  an  electron  heat  flux  Instability  whenever 
sufficiently  large.  Early  investigations  of  plasma  wave 
electric  fields  by  Scarf  C1970]  and  Siscoe  et  al^  [I971]  suggested  the 
occasional  occurrence  of  ion-acoustic  waves  in  association  with  inter- 
planetary shocks  and  other  discontinuities.  The  interpretation  of  thece 
electric  fields  was,  however,  complicated  by  Doppler  shifts  and  poor 
frequency  resolution  which  made  a precise  identification  of  the  plasma 
wave  mode  impossible.  Later,  more  sensitive  electric  field  measure- 
ments with  the  Helios  and  Voyager  spacecraft  revealed  the 


occurrence  of 


relAtively  weak  electrostatic  waves  in  the  solar  wind  at  frequencies 
between  the  electron  and  Ion  plasm  frequencies,  f“  and  f which  were 
Interpreted  as  being  ion-acoustic  (or  ion-acoustic-llke)  waves  by 
Ournctt  and  Anderson  (19773 * Also,  see  the  discussions  by  Qurnett  and 
Frank  [19783  and  Kurth  jot  al»  (19783 « Typical  electric  field  spectruns 
of  these  waves  at  various  radial  distances  from  the  sun  are  shown  in 
Figure  7 and  a high  resolution  frequency- time  spectrogram  obtained  from 
the  Voyager-1  spacecraft  is  shown  in  Figure  8.  Although  the  ion-acoustic 
mode  only  propagates  at  frequencies  below  the  ion  plasma  frequencies  the 
wavelengths  are  so  short  that  the  wave  frequency  is  minly  determined 
by  the  Doppler  shift  which  is  much  larger  than  the  ion  plasma  frequency. 
The  systematic  increase  in  the  upper  cutoff  frequency  with  decreasing 
radial  distance  from  the  sun,  evident  in  Figure  6,  is  caused  by  the 
radial  variation  in  the  Debye  length,  which  controls  the  maximum  possi- 
ble Doppler  shift  for  these  waves. 

At  the  present  time  the  exact  mechanism  by  which  these  ion- 
acoustic  waves  are  generated  has  not  been  definitely  established.  The 
most  likely  possibility  is  that  these  waves  are  produceu  by  double-ion 
streams  in  the  solar  wind  (Gary,  19783  or  by  the  electron  heat  flux 
instability  proposed  by  Forslund  [19703.  Since  the  exact  mechanism  by 
which  these  waves  are  produced  is  not  known,  it  is  difficult  to  determine 
what  effect  these  waves  may  have  on  the  macroscopic  structure  of  the 
solur  wind,  if  the  waves  are  produced  by  double-ion  streams  one 
interesting* possibility  is  that  they  may  play  an  Important  role  in 
coupling  or  thermalizing  the  double  ion  streams.  Beyond  0.3  aU  the 


Figure  7 Representative  spectrums  of  lon-acoustlc  waves  observed  from  the  Hellos-1  and 

spacecraft.  The  short  wavelength  lon~acoustlc  waves  are  strongly 
Doppler  shifted*  so  that  the  peak  In  the  spectrum  occurs  well  above  the  Ion** 
acoustic  wave  cutoff  at  fj  (see  Figure  1). 
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energy  density  of  these  waves,  nkT  a 10"^,  is  sufficiently  small 

that  it  seems  unlikely  that  they  play  a major  role  in  processes  of  this 
type*  However,  as  shown  in  Figure  the  electric  field  strength 
increases  rapidly  with  decreasing  radial  distance  from  the  sun,  so  that 
closer  to  the  sun  the  intensity  of  these  waves  may  be  large  enough  to 
play  a significant  role  in  controlling  the  macroscopic  properties  of 
the  solar  wind* 

p.  Electron  Plasma  Oscillations  and  Solar  Radio  Bursts 
The  currently  accepted  model  for  the  generation  of  several  types 
of  solar  radio  bursts  is  that  the  radio  emissions  are  produced  by  non- 
linear processes  involving  electron  plasma  oscillations  excited  by 
solAr  flare  electrons  and  other  transient  effects  in  the  solar  corona. 

The  electron  plasma  oscillAtion  mechanism,  first  proposed  by  Oinaburg  and 
2<heleznyakov  [195®3,  has  become  the  basic  element  of  essentially  all 
theories  of  solar  radio  bursts,  with  suitable  jrefinements  to  account  for 
various  types  of  non-linear  interactions*  Although  the  plasma  osciUa'- 
tion  mechanism  has  been  accepted  for  many  years  only  in  the  last  two 
years  have  measurements  been  obtained  from  the  Helios  spacecraft  which 
definitely  established  the  existence  of  these  electron  plasma  oscilla- 
tions [Gurnett  and  Anderson,  19763*  A typical  example  of  the  electron 
plasma  oscillations  detected  by  Helios,  and  the  resulting  type  III 
radio  burst  are  shown  in  Figure  9*  As  indicated  in  Figure  1,  current 
theories  of  the  non-linear  interactions  predict  radio  emission  at  both 
the  electron  plasma  frequency,  f^,  and  the  second  harmonic,  2f“*  At 


300 


low  frequencies^  < 100  kHz>  It  is  generally  believed  that  the  second 
harmonic  emission  dominates,  whereas  at  high  frequencies,  > 1 MKs,  both 
the  fundamental  and  the  second  harmonic  are  generated*  This  transition 
in  the  emission  characteristics  apparently  takes  place  in  the  radial 

distance  range  from  about  $ to  20  solar  radii  because  of  changes  in  the 

♦ 

characteristics  of  the  plasma  oscillations.  Measurements  of  the  plasma 
oscillation  intensities  associated  with  type  III  bursts  obtained  from 
the  Helios  and  Voyager  spacecraft  show  a very  pronounced  variation 
with  radial  distance  fzom  the  sun,  increasing  very  rapidly  in  Intensity 
with  decreasing  radial  distance  from  the  sun.  This  radial  dependence 
is  illustrated  in  Figure  10,  from  Qurnett  et  al*  [1978]*  Based  on 
these  results  it  appears  quite  likely  that  the  plasma  oscillation  in- 
tensities continue  to  increase  inside  of  0*3  AU,  possibly  reaching 
amplitudes  which  are  a substantial  fraction,  10  to  10  of  the 
beam  energy  density  In  the. region  close  to  the  sun*  The  e]q>ected 
increase  in  the  plasma  oscillation  intensities  near  the  sun  is  also  con- 
sistent with  the  general  trend  for  the  radio  emission  intensities  to 
increase  at  higher  frequencies,  corresponding  to  source  positions  closer 
to  the  sun*  At  these  high  intensities,  if  they  occur,  wave-particle, 
interactions  are  expected  to  play  a significant  role  in  the  evolution 
and  dynamics  of  the  electron  beam  zesponsible  for  the  plasma  osciUa- 
tiona*  See  for  example  the  discussions  by  Papadopoulos  et  al.  [197^] 
and  Magelssen  and  Smith  [1977]*  To  ccmipletely  understand  the  generation 
of  solar  radio  bursts  and  the  role  electron  plasma  oscillations  play  in 
controlling  the  evolution  of  energetic  electron  streams  emitted  from 


R,  heliocentric  radial  distance,  A.U. 


Figure  10  The  radial  varia  tion  of  electron  plasma  oscillation 

intensities  observed  in  association  with  type  III  solar 
radio  bursts*  The  plasma  oscillation  intensities 
increase  rapidly  with  decreasing  radial  distance  from  the 


solar  flares  it  Is  essential  that  direct  situ  measurements  be  obtained 
closer  to  the  sun^  well  Inside  0*3  AU*  The  solar  probe  mission  provides 
an  ideal  opportunity  to  extend  our  knowledge  of  these  emission  processes* 
Since  the  investigation  of  these  waves  requires  the  occurrence  of  a 
suitable  transient  event  neaor  the  sun  (solar  electron  event  or  inter- 
planetary shock)  the  likelihood  of  obtaining  a suitable  event  during 
the  few  hours  when  the  spacecraft  is  in  the  close  vicinity  of  the  sun, 

< 10  solar  radii,  is  not  very  hi^.  However,  dviriog  1989  the  sun  will 
be  approaching  solar  maximum  and  one  would  expect  to  obsarw’e  seveiral 
type  III  radio  bursts  on  the  solar  disk  eveiy  day.  1%us,  over  a period 
of  several  days  there  is  a good  chance  of  obtaining  observations  of  the 
plasma  oscillations  associated  with  a type  III  radio  burst  at  radial 
distances  inside  of  ~ 30  to  50  solar  radii.  These  investigations  are 
clearly  enhanced  by  observations  for  more  than  one  perihelion  pass* 
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III.  WH/IT  TYPES  OF  WIVE  MEASUREMENTS  SHOULD  2E 
INCLUDED  ON  THE  SOIAR  PRpBE 

A brief  look  at  Figure  1 shows  that  the  most  demanding  feature 
of  a solar  probe  plasma  wave  investigation  is  the  extremely  large  fre- 
quency  range  which  must  be  covered,  from  less  than  10  Hz  up  to  several 
MHz.  It  is  also  important  that  both  electric  and  magnetic  fields  be 
measured  over  this  entire  frequency  range.  Since  both  electrostatic 
and  elec trcmiagne tic  modes  of  propagation  exist  in  the  solar  wind,  simul> 
taneous  electric  and  magnetic  field  measurements  are  needed  to  distinguish 
these  two  fundamentally  different  modes  of  propagation.  Electric  field 
measurements  can  also  be  used  to  distinguish  convective  magnetic  field 
structures  from  electromagnetic  waves  on  the  basis  of  the  observed 
electric  to  magnetic  field  ratios,  apd  conparisons  of  the  phase  of  the 
electric  and  magnetic  fields  can  answer  the  important  question  of 
whether  the  waves  are  propagating  away  from  or  toward  the  sun. 

Because  of  the  extremely  large  frequency  range  which  must  be 

% 

covered  it  is  extrasely  unlikely  that  all  of  the  wave  measurements  can 
be  provided  by  a single  instrument.  Rractically,  a nature^,  break  in 
the  techniques  for  making  magnetic  field  measurements  occurs  at  about 
5 Hz,  with  search  coil  magnetometers  providing  better  sensitivity 
above  about  5 Hz,  and  other  types  of  DC  magnetometers  providing  better 
sensitivity  below  ^ Hz.  A similar  break  also  occurs  for  the  electric, 
field  measurements,  with  frequencies  above  5 Hz  favoring  on-board 


epectrum  analynls  and  frequencies  below  ~ 5 HZ  favoring  A-D  conversion 
and  direct  transmission  of  the  waveforms  to  the  ground*  Over  the 
frequency  range  from  about  5 Hz  to  a few  MHz  both  the  electric  and 
magnetic  field  measurements  can^  and  probably  should^  be  performed  in 
the  same  instrument* 

The  electric  field  measurements  pose  a difficult  problem  in  the 
antenna  design.  For  high  sensitivity  and  protection  from  spacecraft 
generated  interference  a relatively  long  dipole  antenna  is  needed,  with 
a tip-to-tip  length  of  about  30  meters,  comparable  to  the  electric 
antennas  used  on  Helios  and  Voyager*  However,  close  to  th*»  sun  elec- 
trostatic waves  with  wavelengths  less  than  30  meters  may  be  present* 

The  shortest  wavelength  which  can  occur  in  a plasma  is  approximately 
2tt  Xjj,  where  is  the  Debye  shielding  length*  A plot  of  the  minimum 
wavelength,  2rr  Xjj,  is  shown  in  Figure  11*  As  can  be  seen  electrostatic 
waves  with  wavelengths  as  short  as  1 meter  could  be  encountered  near 
perihelion  at  4 solar  radii*  This  minimum  wavelength  Implies  an  antenna 
with  a tip-to-tip  length  of  less  than  1 meter*  Althou^  the  minimum 
wavelength  condition  provides  a strong  ease  for  a relatively  short 
antenna,  expeilence  with  the  sensitivity  of  such  short  antennas  and 
the  typical  electric  field  intensities  observed  by  Helios  at  0*3  AU 
indicate  that  it  would  be  very  unwise  to  rely  solely  on  such  a short 
antenna  for  all  the  electric  field  measurements*  Maty  of  the  most 
important  electric  fields  occurring  in  the  solar  wind,  such  as  the 
whistler-mode  noise  and  ion-acoustic  waves,  probably  could  not  be 
detected  with  an  antenna  length  of  1 meter,  given  the  interference 
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levels  expected  on  a spacecraft  such  as  the  solar  probe.  0»i  the  basis 
of  those  considerations,  two  different  electric  antennae,  one  with  a 
tlp-to-tlp  length  of  about  30  meters  and  the  other  with  a tlp-to-tlp 
length  somewhat  less  than  1 meter  (0.5  meters  nominal)  are  recommended 
for  the  baseline  design  considerations.  Two  antennas  of  different 
lengths  have  the  additional  advantage  that  the  occurrence  of  short 
wavelength  (X  < 30  meters)  could  be  detected  by  comparing  the  field 
strengths  observed  by  two  antennas.  For  this  purpose  the  axes  of  the 
long  and  short  antennas  shotild  be  parallel. 

To  provide  wave  magnetic  field  measurements  over  the  extremely 
large  frequency  range  from  5 Hz  to  a few  MHz,  it  is  virtually  certain 
that  at  least  two  different  types  of  antennas  must  be  used,  probably  a 
search  coil  with  a M-»etal  core  for  frequencies  less  than  10  kHz,  and 
either  a search  coil  with  a ferrite  core  or  a loop  antenna  above  10  kHz. 
To  reduce  the  mgnetic  field  interference  from  the  spacecraft  to  an 
acceptable  level  the  magnetic  antennas  must  be  mounted  on  a boom  at 
least  2 and  preferably  k meters  from  the  main  spacecraft  body.  Because 
of  the  limited  temperature  range  of  the  preamplifiers  for  the  magnetic 
field  sensors  and  the  short  electric  antenna  these  elements  must  be 
mounted  in  the  shade  behind  the  heat  shield.  A possible  mounting  con- 
figuration is  shown  in  Figure  12. 
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IV.  WHAT  CONSTRAINTS  WOULD  A PLASMA  WAVE 
EXPERDCNT  PIACE  ON  THE  SPACECRAFT 

A.  Electromagnetic  Interference 
Becaune  ol*  the  susceptibility  of  the  plasma  wave  experiment  to 
electromagnetic  interference  special  attention  mtist  be  given  to  elec- 
tromagnetic interference  control  from  both  the  spacecraft  and  the 
experiments.  These  controls  need  not  be  exceptionally  stringent, 
since  very  low  interference  levels  were  achieved  on  the  Voyager  space- 
craft with  only  minimal  constraints.  The  primary  objective  should  be 
to  shield  the  time  varying  electric  fields  generated  by  the  spacecraft 
electronics.  At  low  frequencies  there  is  no  way  to  effectively  shield 
the  magnetic  field,  so  the  only  possibility  for  the  magnetic  field 
measurements  is  to  mount  the  magnetic  field  sensors  on  a boom  as  far  as 
possible  from  the  spacecraft  and  to  reduce  the  area  of  current  loops  in 
the  spacecreuft  by  using  twisted  leads  for  power  lines  and  other  similar 
techniques.  For  the  electric  field  excellent  shielding  can  be  obtained 
by  enclosing  all  electronics  inside  of  a grounded  "watertight"  elec- 
trostatic shield,  with  special  attention  given  to  any  cables  which 
extend  outside  of  this  shield.  A grounded  electrostatic  shield  will 
probably  be  needed  in  any  case  to  protect  the  spacecraft  from  differ- 
ential charging  effects  at  Jupiter. 


B.  High  Telemetry  R»tea  and  Data  Storage 
The  obtftln  very  high  rcoolutlon  freq.ue'  r./^-tluie  spec trogr Ants ^ 
Buch  ftc  In  Figure  8,  It  le  dealrAhlo  to  have  the  capability  of 
obtaining  very  high  data  rate,  100  to  ^00  kb/a,  anapahota  of  electric 
and  magnetic  field  waveformo  for  short  periods  of  time*  This  waveform 
data  could  be  obtained  either  by  real  time  telemetry  or  by  use  of  an 
on-board  memory*  If  the  spacecraft  bubble  memory  is  used  for  this 
purpose  the  scientific  return  from  the  waveform  measurements  could  be 
increased  substantially  if  the  memory  is  organized  so  that  it  can  be 
used  to  find  the  best  event  (largest  field  strength)  over  the  interval 
since  the  previous  readout*  This  could  be  accomplished  for  example  by 
using  one  of  the  bubble  memories  to  store  the  previous  best  (largest) 
waveform  while  the  other  memory  searches  for  the  next  larger  event. 
Since  the  primary  purpose  of  the  spacecraft  bubble  memory  is  to  store 
data  during  gaps  between  ground  station  coverage^  it  is  anticipated 
that  high-rate  waveform  readins  of  this  type  would  only  be  performed 
on  a non-interference  basis  during  periods  when  real  time  telemetry  is 
available* 


C.  Weight,  power  and  Telemetry 

Weight 

a# 

Main  Instrument  Package 

3 leg 

be 

Boom  Mounted  Sensors 

1 kg 

Ca 

Extendible  Electric  Antenna 

2 kgj?) 
6 kg 

2* 


Power 


4 watts 


3»  Telemetry 

a.  Low  Rate  Telemetry 

(continuous  for  the  entire  mission)  120  h/s. 

b*  High  Rate  Telemetry 

(in  short  bursts,  for  approximately 
100  sec.)  > 100  kb/s. 

The  primary  developmental  problem  Is  the  extendible  30-meter 
electric  antenna,  vdiich  would  be  required  to  survive  at  teiqperatures 
much  higher  than  on  any  previous  mission. 


ACXHOHLEDaMENTS 


Blis  research  was  sv®ported  by  the  National  Aeronautics  and 
Space  Administration  under  Grant  NGL-16-001-043. 


312 


RBFBREltCES 


Behannon^  K*^  Observations  of  the  interplanetary  magnetic  field  between 
0*46  and  1 AU  by  the  Mariner  10  spacecraft^  QSFC  Rreprint 
X-692-76-2.  Oreenbelt,  MD,  1976. 

Belcher,  J.  W.  and  L.  Davis,  Large-angolitude  Alfv^n  waves  in  the 
interplanetary  medlm,  2,  J«  Geophys.  Res.»  76,  3534,  1971* 

Biermann,  L.,  Qber  die  Ursache  der  ChronosphBrischen  Turbulenz  und 
des  UV-Exsesses  der  Sonnenstrahlung,  Zs.  f.  Astrophys.,  2$, 

11,  1948. 

Brandt,  John  C.,  Introduction  to  the  Solar  Wind,  W.  H.  Preemand  and  Co. 
San  Francisco,  CA,  1970. 

V 

Bray,  R.  J.  and  Loughhead,  The  Solar  Chrcaaosphere,  Chapman  and  Hall, 
London,  1974. 

Coleman,  P.  J.,  Jr.,  I^romagnetic  waves  in  the  Interplanetary  plasma, 
Phys.  Rev.  Lett.,  17.  207,  1966. 


Feldma  , W*  C»,  J*  R*  Asbridge^  8*  J*  Same,  S*  P*  Gazy,  M*  D*  Montgomery^ 
and  S*  M*  Zink,  Evidence  for  the  regulation  of  the  solar  wind 
heat  flux  at  1 AU,  J»  Oeophys*  Res«.  5207,  1976. 

Feldman,  W.  C«,  Kinetic  Processes  in  the  Solar  Wind,  Solar  System 

Plasma  Physics  — A Twentieth  Anniversary  Review.  C.  F.  Kennel 
and  L.  J.  Lanaerotti,  Eds.,  NOrth-HoUand,  (In  press),  1978. 

Forslund,  D.  W.,  Bistabilities  associated  with  heat  conduction  in  the 
solar  wind  and  their  consequences,  J.  Geophys.  Res.,  75,  17, 

1970. 

Fredricks,  R.  W.,  Electrostatic  heating  of  solar  wind  ions  beyond  0.1 
AU,  J.  Geophys.  Res.,  74,  2919,  I969. 

Gary,  S.  P.,  M.  B.  Montgcsnery,  W.  C.  Feldsan,  and  B.  W.  Forslund, 

Proton  temperature  anisotropy  Instabilities  in  the  solar 
wind,  J«  Geophys.  Res.,  81,  1241,  1976. 

Gary,  8.  P.  and  W*  C.  Feldman,  Solar  wind  heat  flux  regulation  by 
the  whistler  instability,  J.  Geophys.  Res«.  te,  IO87,  I977. 

Gary,  8*  P«,  Electrostatic  heat  flux  instabilities  in  the  solar  wind, 

J>  Geophys.  Res,  (submitted  for  publication),  I978* 


314 


Ginzburg^  V»  L*  arwJ  V.  V»  Zheleznyakov^  On  the  possible  mechanism  of 
sporadic  radio  emission  (radiation  in  an  isotropic  plasma), 

Sov.  Astron*  A«  J,.  2,  653,  1958. 

Gurnett,  D*  A*  and  R*  R.  Anderson,  Electron  plasma  oscillations 

associated  with  type  III  radio  bursts.  Science.  194.  II59,  1976. 

Gurnett,  D.  A.  and  R.  R.  Anderson,  Plasma  wave  electric  fields  in  the 

solar  wind:  Initial  results  from  Hellos  1,  J.  Geophys.  Res..  82, 

632,  1977. 

Gurnett,  D.  A.  and  L.  A.  Prank,  Ion-acoustic  waves  in  the  solar  wind, 

J.  Geophys.  Res..  83,  58,  I978. 

Gurnett,  D.  A.,  R.  R.  Anderson,  P.  L.  Scarf,  and  W.  S.  Kurth,  The 

heliocentric  radial  variation  of  plasma  oscillations  associated 
with  type  III  radio  bursts,  J.  Geophys.  Res.,  (submitted  for 
publication),  I978. 

Ifertle,  R.  E.  and  A.  Barnes,  Nonthermal  heating  in  the  two-fluid  solar 
wind  model,  J.  Geophvs.  Res..  6915,  I975. 


HoUweg,  J.  V.,  waves  and  instabilities  in  the  solar  wlnd^  ^ev.  Geophvs. 
and  space  Phys..  IJ,  263,  I975. 


Hollwg,  J.  V.,  and  j.  m.  Tv,rMr,  Actaleratlon  of  tolar  «lnd  He'^.  3. 

Efface,  of  roaoiMot  tod  noor.aon.ne  Ine.racelon.  »lel>  eranavara. 

I 83,  97,  1978. 

Hundhausen,  A.  J.,  So^  wind  and  Coronal  Expanaton.  Springer- Verlag, 

N.  y.,  Heidelberg^  Berlin^  1972. 

Kurth,  If.  s.,  B.  A.  Ournatt,  and  t.  1.  Scurf,  High  raaeAutlon  apcctro- 
grana  of  too-acouatlc  vavaa  In  tba  aoXar  wind,  J.  Oaonhya. 

B#Si.  (submitted  for  publication)^  1978. 

Mftgelssen,  G*  R.  and  D.  P.  Smith,  Nonrelativistic  electron  stream 

propagation  in  the  solar  atmosphere  and  type  III  radio  bursts. 
Solar  Physics.  211,  1977. 

NeUbauer,  P.  M.,  H.  J.  Beinroth,  H.  Barnstorf,  and  G.  Behmel,  initial 

results  from  the  Helios-1  search-coil  magnetometer  experiment, 

Jo  Geophys.  Res..  Ijg,  599,  1977. 

Papadopoulos,  K.,  M.  L.  Goldstein,  and  R.  A.  Smith,  Stabilization 

of  electron  streams  in  type  lii  solar  radio  bursts,  Astrophys. 

i22,  175,  197U. 


Parker,  E N.,  D3manic8  of  the 


interplanetary  gaa  and 


magnetic  fields. 


Scarf,  P.  L.,  J.  H.  Wolfe,  and  R.  W.  Silva,  A plasma  instability 
associated  with  thermal  anisotropies  in  the  solar  wind,  J« 
Oeophys*  Res» « 72«  993>  196?* 

Scarf,  P*  L»,  Microscopic  structure  of  the  solar  wind.  Space  Sci«  Rev«« 

11,  234,  1970. 

Schwarzschild,  M.,  On  noise  arising  from  the  solar  granulation, 

Ap.  J.,  107.  1,  1948. 

Siscoe,  G.  L.,  P.  L.  Scarf,  I.  M.  Green,  J.  H.  Binsack,  and  H.  S. 

Bridge,  Very  low  frequency  electric  fields  in  the  interplane- 
tary medium:  Pioneer  8,  J.  Gegphys.  Res..  76,  828,  I97I. 

Stlx,  T.  H.,  The  Theory  of  Plasma  Waves.  McGraw-Hill,  New  York,  1962. 


Wild,  J,  P.,  Observation  of  the  spectrum  of  high-intensity  solar  radiation 
at  metre  wavelengths.  III.  Isolated  bursts,  Australian  J.  Scl. 


IN  Y 5 - O * » » V 


THE  SOLAR  PROBE  AMD  CORONAL  DYNAMICS 
by 

4*  4r  X 

J.  Belcher  > M.  Heinenann  , C.  Goodrich 


•¥■  Departnent  of  Physics  and  Center  for  Space  Research 
Massachusetts  Institute  of  Technology 
Canibridgef  Massachusetts  02139 

* Department  of  Physics 
Boston  College 
Chestnut  Hill*  Massachusetts 


The  discovery  of  coronal  holes  led  to  basic  changes  In  our  Ideas  about 
the  structure  of  the  low  corona  and  Its  expansion  Into  the  solar  wind,  ^e 
nature  of  the  energy  flux  idtlch  provides  the  'v>5xl0^ergs/cm^sec  required  to 
drive  the  wind  from  coronal  holes  Is  not  understood.  Current  Ideas  include 
enhanced  thermal  conductivities*  extended  MHD  wave  heating*  and  wave 
momentum  transfer*  all  In  rapidly  diverging  geometries.  There  Is  little 
feel  for  the  relative  ioq>ortance  of  these  processes.  'Tbe  Solar  Probe*  with 
its  penetration  deep  Into  the  solar  corona*  could  lead  to  observational 
constraints  on  their  relative  lnq[>ortance*  and  thus  to  an  understanding  of 
the  origin  of  the  solar  wind.  Observations  from  the  Solar  Probe  will  also 
bear  on  such  questions  as  to  lAether  small  scale  "Intrastream"  structure  Is 
conmon  close  to  the  Sun  In  open  fleltHlne  regions*  idiether  the  properties 
of  the  wind  are  pronouncedly  different  over  closed  and  open  fleld*>llne  regions 
at  five  solar  radii*  and  many  others. 

Experimentally*  the  resolution  of  these  questions  requires  measurements 
of  the  magnetic  field  and  of  the  proton  and  electron  distribution  functions. 
Obvious  difficulties  In  these  measurements  Include*  for  example:  1)  limited 

coverage  of  phase  space  due  to  thermal  constraints;  2)  the  transonic  nature 
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of  the  proton  flow  close  to  the  Sun;  3)  the  high  velocity  of  the  apscecreft; 
4)  the  short  measurement  time  near  the  Sun,  especially  when  compared  to  the 
periods  of  low  frequency  MHD  waves;  and  5)  possible  high  "turbulent"  fluid 
velocities  near  the  Sun,  which  may  approach  hundreds  of  kilometers  per  second. 


Introduction 

Observations  from  the  Solar  Prove  will  have  a major  loq>act  on  our 
understanding  of  the  dynamics  of  coronal  expansion.  Bie  recent  discovery 
of  coronal  holes  has  led  to  a re*examlnatlon  of  our  Ideas  about  the  basic 
structure  of  the  lower  corona  and  Its  expansion  Into  the  solar  wind.  Coronal 
hole  observations  have  underscored  our  lack  of  understanding  of  the  thermal 
and  mechanical  (wave)  energy  transport  mechanisms  In  the  corona,  and  how  they 
lead  to  the  solar  wind  velocities  observed  near  Earth.  The  only  way  we  can 
hope  to  understand  the  balance  between  various  acceleration  mechanisms  Is 
through  In  situ  observations  near  the  Sun,  l.e.  from  the  Solar  Probe. 

Before  addressing  the  potential  of  the  Solar  Probe  mission.  It  Is  useful 
to  review  the  energies  Involved.  The  energy  sources  end  sinks  which  determine 
the  structure  of  the  corona  are  usually  taken  to  be:  (1)  the  mechanical  (wave) 
energy,  («\«SxlO  ergs/cm^sec)  tdilch  Is  the  basic  energy  source;  (2)  radiation; 
(3)  thermal  conduction;  and  (4)  convection  of  energy  by  mass  motion.  In  the 
classical  picture,  the  majority  of  the  mechanical  energy  that  manages  to  ineke 
It  through  the  transition  region  Into  the  corona  was  conducted  back  down  Into 
the  chromosphere  and  only  a small  amount  was  thought  to  be  radiated  by  the 
corona  ('vSxlO  ergs/cm  sec)  or  conducted  outward  beyond  the  teaqperature 
maximum  to  ultimately  become  the  solar  wind  ('v»5xloSrgs/cm^sec)i  Thus,  In 
classical  solar  wind  models,  the  energy  required  to  drive  the< solar  wind  was 
only  A^ioa  of  the  energy  dissipated  In  the  corona  and  the  solar  wind  had 
little  Influence  on  the  structure  of  the  transition  region  mad  lower  corona. 
The  lower  regions  could  be  modeled  by  assuming  hydrostatic  equilibrium,  with 
the  solar  wind  tacked  on  beyond  temperature  maximum,  with  only  modest  energy 
requirements.  Moreover,  reasonable  estimates  of  the  conductive  flux  plus 
some  extended  heating  beyond  the  temperature  maximum  gave  approxlsiately  what 
was  needed  to  explain  the  solar  wind. 

The  discovery  that  the  most  energetic  solar  wind  appears  to  come  from 


coronal  holaa  has  lad  Co  a cclcical  re-asaiDlnatlon  of  this  Bodel.  In 
coronal  holes,  the  naxlniD  coronal  tenperacure  Is  lower  by  n,6  x Io\, 
the  tenperatnre  gradient  In  the  traneltlon  region  la  lean  aceep  by  a ’ 
factor  of  n.*,  and,  therefore,  the  conductive  flux  downward  la  laaa.  Moat 
crucially,  the  rapid  dlvargence  of  flow  fro.  the  holaa,  a factor  of  n.7 
footer  than  r , requires  that  the  anergy  flux  which  ulclucely  drives  the 
solar  wind  ba  on  the  order  of  5 x 10*  .rg./«*  see  at  the  Sun  In  order  to 
«q>laln  what  we  see  at  1 All.  ihua.  In  coronal  hole.,  the  aoUr  wind  1. 

.0  longer  a «all  perturbation  to  a static  l«,ar  corona  and  the  expanalon 
t»ay  have  a non-nagllglbla  effect  on  the  atructur.  below  the  temperature 
Mxlwin.  The  need  for  a self-conalacenc  treatment  seems  Inescapable. 
Furthermore,  the  nature  of  the  «,ergy  flux  which  provlden  this  5 x 10*  erga/cm^. 
sec  to  the  expansion  la  obscure.  Can  thermal  conductivity  In  rapidly  diverging 
geometries  still  provide  the  majority  of  that  fluxt  If  not,  can  extended  wave 
heating  and  momentum  transfer  make  up  the  difference,  or  perhaps  even  be 
dominant?  If  so,  what  are  the  wave  mode,  and  thalr  dissipation  lengths?  Bow 
does  th.  proceas  of  ext«,d.d  wave  heating  and  «.bse,uent  thermal  accelaratlon 
compare  to  direct  momentum  transfer  from  the  waves  to  the  wind?  These  are 
the  central  questions  to  our  understanding  of  wind  acceleration  from  coronal 

holes.  There  appears  to  be  little  hope  of  answering  them  exclusive  of  the 
Solar  Probe. 


The  Potential  of  the  Solar  Probe 

As  far  as  the  solar  wind  la  concerned,  the  energy  balance  appears  to  be 
of  prime  Interest  for  the  Solar  Probe.  The  Solar  Probe  will,  of  course,  also 
bear  on  questions  concerning  spatial  structure  near  the  Sun,  For  example, 
small  scale  «lntra-strea»-  structures  may  be  common  close  to  the  Sun.  and 
It  may  be  possible  to  relate  observations  at  4 to  features  lower  In  the 
corona.  Also,  the  flows  from  the  edges  of  coronal  holes  and  over  active 
regions  are  of  great  Interest.  However,  even  for  these  spatial  structures, 
the  energetics  of  the  flow  Is  still  of  central  Interest. 

The  Solar  Probe  will  certainly  measure  the  proton  bulk  velocity  to  4 R 
That  measurement  elone  provides  slgnlflcent  Information  about  the  accelera-® 
tlon  mechanisms  (e.g..  the  scale  length  over  which  they  operate).  In  addition 
electron  measurements  will  determine  the  thermal  conduction  energy  flux,  just 
as  proton  and  magnetic  field  measurements  combined  will  determine  MHO  wave 


nodes  and  fluxes  in  to  A Overall,  neasurenents  In  to  4 will  help  to 

define  the  complex  Interplay  between  acceleration,  thermal  conduction,  wave 

dissipation,  and  wave  "pressures"  described  above.  Of  course,  by  4 IL  the 

0 

solar  wind  is  already  moving  at  respectable  speeds,  and  the  Initial  accelera- 
tion region  Inside  4 Is  Inaccessible.  Even  so,  observations  at  4 R^  may 
still  be  sufficient  to  understand  in  large  measure  what  Is  happening  within 
4 R^.  This  point  Is  most  easily  Illustrated  In  the  context  of  MHO  waves, 
as  we  discuss  below. 


Lower  Limits  on  the  Solar  Alfven  Wave  Flux 


MHO  wave  flaxes  of  solar  origin  are  commonly  observed  at  1 AU.  These 
observations  can  be  combined  with  the  theory  of  propagation  and  convection 
of  undamped  waves  to  estimate  the  MHO  wave  fluxes  near  the  Sun  and  thus  the 
percentage  of  the  solar  wind  energy  flux  which  derives  from  momentum  transfer 
from  a particular  wave  made,  in  this  case  Alfven  waves.  These  estimates 
will  be  lower  limits  because  they  do  not  Include  the  effects  of  wave  damping. 
The  procedure  described  below  Is  based  on  1 AU  data,  but  It  could  be  carried 
out  at  any  point  along  the  Solar  Probe  trajectory.  The  estimates  Improve 
with  decreasing  radial  distance,  because  damping  effects  become  less  Important. 

A lover  limit  to  the  ratio,  R,  of  the  Alfven  wave  flux  near  the  Sun 
(not  at  1 AU)  to  the  total  energy  flux  needed  to  drive  the  coronal  expansion 
(including  the  energy  needed  to  lift  the  plasma  out  of  the  solar  gravitational 
field)  Is 


gV^  + gB^/4irp 


(1  + Vj^/vr 
1 + 


where  5.V  Is  the  wave  strength,  V Is  the  wind  speed,  V_  Is  the  solar  escape 
vellclty,  and  Is  the  radial  Alfven  spe.ed.  This  ratio  Is  clearly  the 
dynamically  important  one.  It  Is  valid  for  arbitrary  wave  anqilltudes  and 
for  non-spherlcal  expansion.  All  qtiantltles  In  this  expression,  with  the 
exception  of  the  escape  velocity  from  the  solar  surface,  are  to  be  evaluated 
at  1 AU,  or  any  other  point  of  observation. 

Table  1 gives  average  values  of  some  relevant  quantities  for  five  hlgh- 
veloclty  streames  In  1974,  with  the  averages  taken  only  In  the  Interior  of 
the  stream  well  away  from  the  compression  regions  at  the  leading  edges. 
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Table  1 

IMP-8  Plasma  and  Field  Data  for  Five  High  Velocity  Streams 


Wind  Speed 

622  km/sec 

Alfven  Speed 

65  km/ see 

( hV^  + )** 

57  kffl/sec 

Wave  Energy  Density 
Magnetic  energy  density 

82% 

Wave  Flux  at  Sun 
wind  energy  flux 

7% 

(The  magnetic  field  data  were  provided  by  R.  Lepplng  of  Goddard  Space  Flight 
Center.)  Wave  amplitudes  are  determined  using  six-hour  intervals,  with 
only  the  Alfvenlc  (correlated)  fluctuation  level  shown.  From  Equation  (1), 
we  find  that  on  the  average  direct  acceleration  by  Alfven  waves  contributes 
at  least  7%  of  the  total  energy  flvoc  needed  to  drive  the  coronal  expansion 
In  these  streams.  This  Is  not  a large  fraction,  but  it  Is  not  negligible, 
especially  since  our  estimate  may  be  nonlinear ly  saturated.  That  is.  Table  I 
shows  that  the  average  energy  density  of  Alfven  waves  at  1 AD  Is  82%  of 
the  background  field  energy  density.  This  may  be  more  than  a coincidence, 
since  It  can  be  plausibly  argued  that  the  wave  energy  density  cannot  exceed 
the  background  field  energy  density  due  to  the  onset  of  nonlinear  damping 
effects.  If  the  waves  are  saturated,  the  Alfven  wave  flux  at  the  Sun 
could  be  much  larger  than  the  7%  shown  In  Table  1.  On  the  other  hjutid,  it 
could  be  that  the  Alfven  waves  have  Just  reached  nonlinearity  at  1 AU 
with  little  damping  beforehand.  In  which  case  our  7%  estimate  Is  realistic. 
From  observations  at  or  near  1 AD,  we  cannot  differentiate  between  these 
two  possibilities. 

In  contrast,  the  Solar  Probe  can  easily  provide  a definitive  measurement. 
If  Alfven  wave  energy  densities  remain  comparable  to  background  field  energy 
densities  (l.e.,  the  saturation  case),  the  lower  limit  given  In  Table  1 for 
1 A(J  will  rise  as  1/r  (for  r>'\<30  B^).  In  the  non-saturated,  undamped  case, 
the  ratio  will  stay  constant  at  7%.  Either  of  these  alternatives  is  of 
considerable  Interest,  In  that  It  settles  a question  of  basic  energetics 
which  Is  answerable  In  no  other  way.  Early  reports  from  Hellos  and  Mariner  10 
seem  to  favor  the  "saturation”  alternative,  although  no  systematic  study  is 
yet  available.  If  this  Is  the  case,  the  "saturated"  7%  at  1 Atl  would  rise 
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to  237.  at  0.3  AU.  The  Solar  Probe,  with  perihelion  at  0.02  AO,  could  settle 
the  Alfven  wave  pressure  question  once  and  for  all. 

This  example  is  presented  as  only  one  of  many.  The  moral  Is  that  the 
closer  one  gets  to  the  Sun,  the  easier  it  is  to  discove-*  the  Important 
dynamical  processes,  both  by  direct  observations  and  by  theoretical 
extrapolations  thereof. 

Measurement  Difficulties 

'Hiere  are,  of  course,  difficulties  in  making  complete  electron  and 
proton  measurements  on  the  Solar  Probe,  especially  in  the  regions  of  greatest 
dynamical  interest.  Obvious  difficulties  in<  a:  (1)  the  limited  coverage 
of  phase  space  due  to  thermal  constraints;  (2)  the  transonic  nature  oi  the 
proton  flow  close  to  the  Sun;  (3)  the  short  time  spent  near  Che  Sun, 
especially  compared  to  the  periods  of  low  frequency  MHD  waves;  (4)  the  high 
velocity  of  the  spacecraft;  (5)  possible  high  turbulent  fluid  velocities 
near  the  Sun. 

Let  us  consider  points  (4)  and  (5)  in  some  detail.  One  way  to 
determine  the  "turbulent"  velocities  is  to  calculate  Alfven  wave  amplitudes 
inside  1 AU  using  the  parameters  given  in  Table  1 as  a boundary  condition 
at  1 AU  and  assuming  no  damping.  This  will  again  be  a lower  limit,  because 
damping  and  other  wave  modes  are  neglected.  However,  the  calculation  is 
illustrative  and  gives  an  idea  of  tdiat  to  expect. 

To  obtain  wave  amplitudes  close  to  the  Sun,  we  assume  that  the  Alfven 
velocity  and  the  solar  wind  velocity  vary  with  radial  distance  as  shown  in 
Figure  1.  This  is  the  spherical  model  of  Sittler  (1978),  with  the  velocity 
profiles  determined  from  an  enq>irlcal  density  profile  and  mass  conservation. 
The  velocity  is  530  km/sec  at  the  Alfven  point  (20  80)  and  700  km/ sec  at 
1 AU.  The  Alfven  velocity  is  about  1500  km/sec  near  4 80,  which  is  somewhat 
high,  but  not  inappropriate  for  conditions  above  coronal  holes. 

Figure  2 gives  the  amplitudes  of  transverse  waves  in  the  solar  wind 
for  wave  periods  from  zero  to  1.9  days,  assuming  a 40  km/sec  amplitude  at 
1 AU.  The  curves  are  not  limited  to  short  wavelengths,  but  are  solutions 
to  the  full  MHD  equations  for  small  amplitude  toroidal  waves  of  finite 
wavelength  (Heinemann  and  Olbert,  1978).  The  zero  period  curve  is,  of  course, 
the  HKB  limit.  Points  of  interest  are  that:  (1)  inside  1 AU,  the  HKB  limit 
yields  the  largest  amplitudes;  (2)  6V  rises  as  r decreases  until  the  Alfven 
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Figure  2:  The  predicted  amplitudes  of  transverse  waves  in  the  solar  «rind 
for  wave  periods  from  sero  to  1.9  days  as  a function  of  radius,  assuming 
a 40  km/ sec  amplitude  at  1 AU. 


point  l8  reached,  after  which  6V  deereasee  ee  we  nova  closer  to  the  Sun; 

(3)  these  curves  are  predictions  of  root  siean  square  velocltles—peek  to 
peak  values  are  larger. 

Again,  Figure  2 Is  only  a lower  limit  for  Alfven  waves;  other  wave 
modes  may  totally  alter  this  picture.  If  we  consider  only  Alfven  waves, 
an  absolute  upper  limit  on  velocity  amplitudes  would  be  a factor  of  a.3  higher 
than  the  curves  shown;  at  higher  velocities,  Alfven  wave  fluxes  at  the  Sun 
would  exceed  the  total  flux  necessary  to  drive  the  expansion,  tdilch  Is  an 
Impossible  situation. 

It  Is  also  Instructive  to  add  the  spacecraft  velocity  along  the  Solar 
Probe  trajectory  to  the  velocity  profile  shown  in  Figure  2 and  consider 
the  resulting  aberration  of  the  plasma  flow.  In  Figure  3,  we  show  various 
curves  In  velocity  space.  The  vertical  axis  Is  the  radial  velocity  (positive 
away  from  the  Sun)  and  the  horisontal  axis  is  velocity  transverse  to  the 
radial.  The  circle  at  the  bottom  is  the  probe  trajectory  In  velocity  space, 
with  time  in  days  and  radial  distance  in  solar  radii,  as  Indicated  by  tick 
marks.  The  curve  labeled  ”700  km/sec  stream”  is  the  locus  In  velocity 
space  of  the  radial  velocity  profile  In  Figure  1,  as  U would  appear  iu 
rest  frame  of  the  spacecraft.  That  is,  the  purely  radial  velocity  profile 
in  Figure  1 will  appear  to  have  a large  transverse  velocity  In  the  spacecraft 
franm,  as  well  as  a varying  radial  velocity.  The  curve  labeled  ”350  km/sec 
stream”  is  the  velocity  profile  in  Figure  1 divided  by  two  and  treatctd  In 
the  same  manner.  Note  that  after  perihelion  the  probe  overtakes  the 
”350  km/sec”  wind  as  it  moves  away  from  the  Sun.  The  aberration  of  the 
”700  km/sec  streanf'  is  shown  in  Figure  4,  where  we  plot  the  deviation  of 
the  apparent  solar  wind  flow  from  radial.  Clearly,  large  aberrations  of  the 
bulk  flow  will  be  the  rule  close  to  the  Stm.  Although  this  will  present  a 
challenging  opportunity  for  experimentalists,  especially  on  a non*splnnlng 
spacecraft,  the  large  aberration  means  the  Instrument  does  not  have  to  look 
directly  at  the  Sun  and  can  thus  remain  shaded  near  perihelion.  Of  course, 
there  are  also  obvious  problems  in  sampling  the  thermal  spread  of  the  flow, 
which  for  the  transonic  protons  will  resemble  the  traditional  problems  of 
electron  measurements. 

In  Figures  3 and  4 we  Indicate  the  probable  spread  due  to  the  ” turbulent” 
velocities  of  Figure  1 (horizontal  bars  in  Figure  3 and  vertical  bars  In 
Figure  4).  The  aberration  problems  Increase  In  direct  proportion  to  the 


turbulent  velocities. 


Figure  3.  Probe  trajectory  and  apparent  solar  wind  flow  in  velocity  space  for  a radial  solar 
wind  speed  equal  to  or  half  that  shown  in  Figure  1.  See  text  for  details. 
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Kinetic  Effects  of  Alfven  Wave  Presaurea 

To  end  on  a physically  interesting  note,  we  consider  again  the  concept 
of  Alfven  wave  pressure*  It  is  well  known  that  such  pressure  can  accelerate 
the  solar  wind.  With  the  exception  of  Hollweg  <1978),  however,  all  treatments 
of  this  effect  have  been  fluid  treatments,  primarily  because  a proper  kinetic 
(i.  e.  Vlasov)  treatment  is  very  complex.  Recently,  Goodrich  (1978)  has 
formulated  a general  quasillnear  theory  for  an  inhomgeneous  plasma  and 
obtained  numerical  solutions  for  the  case  of  Alfven  waves  in  the  solar  wind. 
Goodrich's  numerical  results  for  a radial  magnetic  field  are  shown  in 
Figures  Sa  through  Sc.  iRie  upper  panel  shows  velocity  space  contours  of 
the  proton  distribution  function  in  the  case  of  no  Alfven  waves*  ^e 
vertical  axis  is  velocity  perpendicular  to  the  radial  (field)  direction  and 
the  horizontal  axis  is  velocity  parallel  to  the  radial  direction.  The 
lower  panel  shows  contours  of  the  proton  distribution  function  if  Alfven 
waves  are  present  and  accelerating  the  flow.  The  distribution  function 
without  waves  is  assumed  isotropic  at  40  B0,  and  the  evolution  is  shown  at 
60,  80,  and  100  k0  in  Figures  5a,  b,  and  c,  respectively. 

In  the  progresrion  from  60  to  100  R0,  one  can  easily  see  the  wave 
acceleration  of  the  bulk  of  the  distribution  to  higher  velocities  as 
compared  to  the  no>*wave  case.  The  details  of  how  that  acceleration  is 
actually  accomplished  are  quite  interesting.  Those  theinnal  particles  on 
axis  (Vj^  ■ 0)  moving  at  a speed  equal  to  the  wind  speed  plus  the  Alfven 
speed  feel  no  wave  pressure.  Particles  on  axis  moving  at  less  than  this 
speed  feel  an  effect  tdiich  increases  as  their  velocity  separation  increases. 
Thus  the  distributions  in  Figure  5 look  as  if  they  have  been  pushed  along 
the  axis  from  behind.  'Hie  exact  details  of  the  effects  for  particles  off 
axis  (Vj^  ft  0)  are  complicated,  but  the  general  tendency  is  clear.  It  is 
not  clear  whether  such  distributions  will  actually  be  observed  in  the  solar 
wind.  Most  obviously,  they  may  be  unstable  to  the  generation  of  other  wave 
modes*  However,  the  neighborhood  of  the  Alfven  point,  where  the  wave 
pressure  gradient  is  strongest,  could  be  a good  region  to  observe  such  kinetic 
effects* 

This  is  only  one  of  many  physical  processes  which  may  beat  be  studied 
at  and  inside  of  the  Alfven  critical  point.  Solar  angular  momentum  loss  is 
another*  Our  final  point  is  that  the  Solar  Probe  offers  an  opportunity  to 
study  ^ situ  the  evolution  of  an  astrophysical  plasma  flow  from  highly 
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Figure  5a;  Velocity  space  contours  of  the  proton  distribution  function 
In  the  absence  of  Alfven  wave  acceleration  (upper  panel)  and  In  the 
presence  of  Alfven  wave  acceleration  (lower  panel).  The  proton  distri- 
bution Is  shown  at  60  Rq.  assuMng  Isotropy  In  the  no-wave  case  at  40  R 
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Figure  5b;  Velocity  space  contours  of  the  proton  distribution  function 
in  the  absence  of  Alfven  wave  acceleration  (upper  panel)  and  in  the 
presence  of  Alfven  wave  acceleration  (lower  panel).  The  proton  distri- 
bution is  shown  at  80  , assuming  isotropy  in  the  no-wave  case  at  40  R 


Figure  Set  Velocity  space  contours  of  the  proton  distribution  function 
In  the  absence  of  Alfven  wave  acceleration  (upper  panel)  and  In  the 
presence  of  Alfven  wave  acceleration  (lower  panel).  The  proton  distri- 
bution Is  shown  at  100  assuming  Isotropy  In  the  no-wave  case  at  40  R, 
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sub-Alfvenlc  to  highly  super oAlfvenlc  velocities.  This  opportunity  Is 
unique,  and  should  provide  a wealth  of  astrophyslcally  Interesting 
observations  which  can  be  obtained  In  no  other  way. 
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Abstract 

The  study  of  the  solar  wind  bears  an  liq>ortance  beyond  being  an 
Interesting  topic  of  space  science.  The  solar  wind  Is  the  prototype  of 
the  escape  of  isatter  from  a large  class  of  stars,  and  perhaps  from  star 
clusters  and  galaxies.  Moreover,  an  Impressive  array  of  evidence  Indicates 
that  large  variations  In  the  solar  wind-solar  activity  complex  can  lead  to 
appreciable  changes  In  the  Earth's  climate.  In  this  light  it  Is  especially 
that  we  still  do  not  understand  which  processes  drive  the  solar 
wind,  l.e. , how  It  la  accelerated  and  heated.  This  state  of  affairs  arises 
primarily  because  we  have  observations  of  only  two  relevant  regions:  the 

Inner  corona  and  the  asyiq>totlc  coasting  region  of  the  wind  (mostly 
observed  at  1 AU,  never  nearer  the  Sun  than  0.3  AU).  Hence  theoretical 
models  are  constrained  by  data  at  essentially  only  two  points;  It  Is  not 
surprising  that  models  with  quite  different  assumptions  about  the  accel- 
eration and  heating  mechanisms  are  equally  consistent  with  observation. 

We  review  briefly  some  of  the  coiiq>etlng  theories  of  solar  wind 
acceleration  and  heating,  and  discuss  what  observations  are  required  to 
distinguish  among  them.  In  most  cases  what  Is  required  Is  measurement 
of  plasma  velocity  and  temperature  and  magnetic  field,  as  near  the  Sun 
as  possible  and  certainly  Inside  20  Rq;  another  critical  aspect  of 
this  question  Is  determining  whether  a turbulent  "envelope"  exists  in 
this  Inner  region,  and  If  so,  defining  Its  properties.  Plasma  and 
magnetic  observations  from  the  proposed  Solar  Probe  mission  would  thus 

® quantum  Jump  In  our  understanding  of  the  dynamics  of  the  solar 

wind. 
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I am  very  pleased  that  there  la  a consensus  at  this  meeting  on  the 
Importance  of  the  problem  of  soiir  wind  acceleration  and  heating,  and 
that  there  seems  to  bo  a widespread  feeling  that  the  solar  probe  has  the 
potential  of  bringing  about  major  progress  In  our  understanding  of  this 
question. 

Since  a number  of  other  speakers  are  addressing  similar  Issues,  1 
will  not  attempt  a thorough  review  covering  every  facet  of  this  problem, 
but  will  limit  my  comments  to  a few  topics  that  I regard  as  especially 
interesting  and  important.  An  appropriate  beginning  is  to  ask  ourselves 
why  so  many  scientists  attach  major  importance  to  the  problem  of  solar 
wind  acceleration  and  heating.  It  is  of  obvious  interest  to  people  who, 
like  some  of  you  in  the  audience  and  like  me,  have  spent  much  of  their 
scientific  careers  studying  the  solar  wind.  But  this  question  is  of 
greater  scientific  significance  than  just  that.  The  solar  wind  is  the 
paradigm  for  the  escape  of  matter  from  a large  class  of  stars,  and 
probably  other  objects  as  well.  I think  that  we  have  little  hope  of 
understanding  the  general  problem  of  astrophysical  mass  loss  if  we  don't 
know  what  causes  the  expansion  of  the  solar  wind.  It  now  seems  quite 
likely  that  the  complex  of  the  solar  wind  and  solar  activity  is  somehow 
related  to  variations  in  Earth's  weather  and  climate.  We  think  that 
solar  activity  was  depressed  during  the  Maunder  minimum.  What  was  the 
solar  wind  doing  at  that  time?  I have  no  idea,  and  a fair  part  of  the 
reason  why  I have  no  idea  is  that  we  do  not  yet  understand  very  well 
how  the  solar  wind  is  accelerated. 

The  dominant  mechanism  of  acceleration  and  heating  has  remained  elusive 
because  we  have  observations  of  only  two  relevant  regions:  the  inner  corona. 
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and  the  asymptotic  coasting  region  of  the  wind  (not  nearer  the  Sun  than  6c  R^). 
Theoretical  models  are  therefore  constrained  by  data  at  essentially  only  two 
points;  it  is  qpt  surprising  that  models  with  quite  different  assumptions  about 
the  acceleration  mechani-ano  are  equally  consistent  with  observation.  This  prob- 
lem is  illustrated  in  Fig.  1,  which  gives  profiles  of  flow  velocity  vs.  helio- 
centric distance  as  predicted  by  a few  sample  models.  I have  used  these  parti- 
cular models  because  1 happen  to  have  worked  with  them,  and  they  are  therefore 
convenient,  but  the  same  point  could  be  made  with  any  set  of  models.  All  models 
give  velocity  profiles  that  are  rather  flat  between  about  20  R®  and  1 AU,  and  in 
fact  the  typical  day-to-day  variations  in  speed  observed  at  1 AU  are  larger  than 
the  predicted  variation  over  the  range  0.1-1  AU  in  any  given  model.  Hence  it  is 
clear  that  velocity  measurements  taken  outside  of  15-20  Rj,  are  of  little  value 
in  trying  to  distinguish  tunong  the  theoretlceil  alternatives. 

In  contrast,  the  solar  probe  near  perihelion  (presumably  U Rq)  could  yield 
velocity  data  of  great  consequence.  Clearly  a single  pass  will  not  give  us 
simple  radial  profiles  like  those  shown  in  Fig.  1;  instead  it  will  give  a pro- 
file along  which  distance,  latitude,  longitude  and  time  axe  convolved.  We  may 
anticipate  large  variations  with  latitude  and  longitude,  possibly  including 
regions  of  static  corona.  Velocity  infomation  by  itself  is  therefore  not 
likely  to  yield  a definitive  picture  of  solar  wind  acceleration.  It  may,  how- 
ever, restrict  the  alternatives  in  an  inqportemt  way.  Radial-flow  models  of 
the  solar  wind  (e.g. , Pig,  1)  normally  predict  felrly  low  velocities  at  U R^, 
of  order  50-150  km/sec.  On  the  other  hand,  Kopp  and  Holzer  (1976)  have  raised 
the  possibility  that,  if  the  me^jmitic  field  in  solar-wind  source  regions  diverges 
rapidly  enough,  the  sonic  point  may  lie  very  near  the  coronal  base.  In  this 
case  the  flow  speed  at  U R©  would  be  rapid  (i  300  km/sec).  We  should  be  able 
to  get  a feeling  for  which  of  these  two  extremes  is  more  typical  of  the  Sun  at 
the  time  of  probe  perihelion. 
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UB^<  sample  velocity  protllea  Illustrating  the  alow  verletlon  of  v with 
r beyond  20  R*.  Solid  curves  are  magnetoacoustlc-wave  driven  models 
calculated  by  Hartle.  Barnes  and  Bred«tamp  (unpublished),  and  a 
ibshed  curve  correspcndlng  to  an  Alfven-wave  driven  model  of  Hollweg 

(1973)  la  shown  for  comparison.  All  other  published  models  show 
similarly  flat  velocity  profiles. 
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There  are  a number  of  reasons  to  expect  that  the  region  inside  20  R® 
be  turbulent.  This  turbulence  is  an  important  topic  by  itself,  which  I shall 
discuss  shortly,  but  for  the  present  I wish  to  consider  it  merely  as  a potential 
problem  for  measuring  the  velocity  profile.  Fig.  2 shown  the  calculated  profiles 
of  velocity  amplitude  according  to  several  different  theories.  In  addition,  the 
measure  of  randomness  in  velocity  (conceivably  due  to  txirbulence)  inferred  by 
Ekers  and  Little  (1971)  from  radio  scintillation  data  has  been  indicated.  Alto« 
gethcr,  it  would  not  be  surprising  to  find  a fluctviating  component  of  the  flow 
velocity  of  order  100-200  km/sec  near  probe  perihelion.  It  would  obviously  be 
difficult  to  determine  from  a single  spacecraft  whether  observed  velocity  varia- 
tions represent  true  wave  motions  or  were  due  to  the  sampling  of  a number  of 
steady  streams  of  different  velocity.  A second  spacecraft  close  by  would 
resolve  much  of  this  ambiguity. 

The  parameter  whose  spatial  profile  is  most  sensitively  dependent  on  the 
mechanism  of  solar  wind  heating  is  the  proton  temperature.  Fig.  3 shows  the 
proton  temperature  profiles  for  three  sample  models  that  give  about  the  same 
asyn5>totic  flow  speed  for  the  wind.  Two  of  the  temperature  profiles  are  rather 
alike,  but  a third,  based  on  nonlinear  dissipation  of  Alfven  waves,  is  quite 
different  because  the  dissipation  occtirs  further  from  the  Sim  than  in  the  other 
cases.  The  most  striking  differences  in  the  profiles  occur  at  intermediate 
distcuices,  of  order  20  Unfortunately,  there  are  great  difficulties  in 
determining  temperature  profiles  from  spacecraft  observations  because  of  the 
large  day-to-day  variations  in  the  flow.  The  typical  1 AU  temperature  varia- 
tion is  compemable  to  the  maximum  difference  of  the  models  at  any  distance. 

Just  as  in  the  case  of  velocity  measurements,  temperature  measuronents 
from  a single  solar  probe  pass  vi^x  not  yield  a definitive  picture  of  how  the 
solar  wind  is  heated.  Once  again,  however,  the  alternatives  can  be  restricted. 
The  extreme  cases  that  can  be  Imagined  ai*e:  (a)  extended  heating  out  to  10  R« 
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Sample  proton  ten5>erature  profiles  for  three  different  models  that 
give  nearly  the  same  asymptotic  flow  speed.  The  solid  curve  is  by 
Hartley  Barnes*  and  Bredekamp  (unpublished)*  dashed  curve  is  after 
Hollweg  (1973)*  dash>dot  curve  is  after  Wolff*  Brandt  and  Southwick 
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or  beyond}  and  (b)  essentially  adiabatic  expansion  beyond  a coronal  base  near 
the  Sun.  If  one  of  these  extremes  obtains,  it  should  be  apparent  In  solar  probe 
temperature  data.  As  in  the  case  of  velocity  measurements,  a second  spacecraft 

would  be  of  enormous  value  in  reducing  ambiguities  in  the  profiles  due  to  turbu- 
lent fluctuations. 

Thermal  conduction  is  an  essential  part  of  solar  wind  energetics,  and  prob- 
ably has  its  largest  effect  in  the  inner  core  of  the  wind.  Therefore,  measure- 
ments of  electron  temperature  and  heat  flux  are  of  key  importance  in  the  study 
of  solar  wind  heating.  Since  this  topic  has  already  been  discussed  in  detail 
by  Feldman  and  Belcher  (see  papers,  this  volume),  I will  not  comment  boyond 
stressing  their  Importance. 

Plasma  and  magnetic  measurements,  and  their  correlation  with  solar  observa- 
tions, will  extend  our  understanding  of  acceleration  and  heating  of  the  solar 
wind.  In  particular,  they  will  provide  an  opportunity  to  confirm  or  deny  some 
of  our  ideas  about  extended  heating  and  acceleration  by  hydromagnetic  turbulence. 
Fig.  k gives  calculated  profiles  of  the  magnetic  amplitude  of  turbulent  envelopes 
based  on  varying  assumptions.  Two  extreme  models  are  that  the  turbulence  is 
entirely  Alfvenic  or  entirely  magnetoacoustic.  Alfven  waves  of  the  intensity 
observed  near  1 AU  are  of  low  intensity  when  extrapolated  inward  by  the  simple 
VfKB  theory.  In  contrast,  if  the  observed  Alfven  waves  at  1 AU  ere  the  residuum 
of  a turbulence  field  that  has  been  strongly  damped  on  passage  from  the  Sun, 
Alfvenic  turbulence  could  be  quite  strong  in  the  inner  core  of  the  wind  and 
could  account  for  a major  part  of  its  acceleration.  Magnetoacoustic  turbulence, 
on  the  other  hand,  is  strongly  dissipative  and  could  exist  at  significant  levels 

only  inside  about  20  R©.  These  waves  would  heat  the  wind  strongly  in  this 

« 

region,  thereby  indirectly  accelerating  the  wind. 

It  should  be  fairly  easy  to  distinguish  between  the  extremes  in  the  solar 
probe  mission.  The  spatial  variation  of  the  two  kinds  of  turbulence  is 
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Theoretical  profiles  of  the  magnetic  aiq>litude  of  wave  fields  accord- 
ing to  several  models.  Solid  curves  represent  magnetoacoustic  tur- 
b\xlence  as  calculated  hy  Hartle,  Baraes  and  Bredekamp  (unpublished). 
Dashed  curves  r^resent  Alfvenic  turbulence  calculated  in  the  WKB 
approximation  with  and  without  nonlinear  saturation  (saturated  pro- 
file after  Hollweg.  1973). 


qualititatively  different,  as  is  clear  from  Pig.  !♦.  The  local  properties  of 
the  two  kinds  of  turbulence  6tre  also  different.  Alfwen  waves  appear  as  fluc- 
tuations in  the  magnetic  field  direction,  with  little  or  no  eoaq^iression  in 
the  field  strexigth  or  plasma  density.  On  the  other  hand,  magnetoaeoustic  waves 
are  linecurly  polarized  and  conq;>res8ive  in  both  magnetic  field  strength  and  den- 
sity. Plasma  and  magnetic  data  from  the  probe  should  tell  us  Aether  there  is 
a turbulent  envelope,  and  whether  it  consists  mainly  of  Alfwen  or  magnetoacoustic 
waves,  a mixtxire  of  both,  or  scmiething  else  entirely.  These  observations  could 
definitively  establish  whether  turbulent  heating  and  acceleration  are  an  impor- 
tant part  of  solar  wind  dynamics. 

These  comments  on  the  ways  in  which  the  solar  probe  could  contribute  to 
our  understanding  of  heating  and  acceleration  are  far  from  exhaustive.  A number 
of  other  processes  have  been  discussed  in  the  literature,  but  the  pressure  of 
time  has  forced  me  to  focus  on  a few  of  my  favorites.  In  any  case,  perhaps 
the  most  exciting  thing  about  the  proposed  mission  is  that  it  will  put  us  in 
a position  to  look  back  at  eOl  the  theorizing  that  has  been  done.  At  that 
point,  all  that  we  have  done  will  seem  **to  have  been  either  wrong,  or  Irrelevant 
or  obvious”,  as  Herbig  (1977)  said  of  another  field.  While  we  may  still  not 
understand  all  the  details  of  solar  wind  acceleration  after  the  first  probe, 
we  will  know  an  order  of  magnitude  more  than  we  do  now. 

Note  on  bibliography:  In  such  a brief  paper  it  is  not  possible  to  acknow- 

ledge the  contributions  of  many  sclentiats  to  the  development  of  the  field. 
Extensive  references  may  be  found  in  the  review  articles  of  Feldman  (1978), 
Hollweg  (1975,  1978),  Holzer  (1978)  and  Barnes  (1975,  1978),  including  refer- 
ences to  previous  reviews. 
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A SOLAR  WIND  EXPERIMENT  FOR  THE  SOLAR  PROBE  MISSION 

K.  W.  Ogllvle 

NASA  Goddard  Space  Flight  Center 
Greenbelt,  Maryland,  20771 
ABSTRACT 

Electron  and  ion  plasma  measuronents  on  Solar  Probe  are  important,  espe- 
cially to  elucidate  the  role  of  coronal  holes  as  sources  of  the  solar  wind 
and  to  resolve  the  long  debated  question  of  the  importance  of  wave  heating 
within  20  to  the  acceleration  of  the  solar  wind.  Adaptable  Instrments 
are  required  to  cover  the  large  dynamic  range  of  parameters  between  1 AU  and 
4 The  baseline  mission  would  be  Improved,  in  some  respects,  by  the  addi- 
tion of  a second  spacecraft,  following  the  first  by  a distance  of  several 
solar  radii.  A spinning  spacecraft  would  be  satisfactory,  but  not  essential, 
for  the  present  objectives.  Attention  should  be  paid  to  having  the  heat 
shield  electrically  conducting.  An  Instrument  for  ion  and  electron  (but  no 
composition)  measurements  would  have  a mass  of  'V/lO  leg,  require  8 w of  power, 
and  generate  data  at  a maximum  rate  of  'u2  kbits/ sec. 
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A SOLAR  WIND  EXPERIMENT  FOR  THE  SOLAR  PROBE  MISSION 
Scientific  Alms 

The  dlecovery  of  coronal  holes  has  focussed  attention  on  the  fact  that 
very  little  Is  known  about  the  source  and  acceleration  of  the  solar  wind. 

This  will  naturally  form  one  of  the  principal  subjects  of  research  with 
Solar  Probe.  An  Important  question  which  can  be  solved  In  principle  Is  the 
Importance  of  waves  and  the  presence  of  the  extended  heating  region  modeled 
by  Hartle  and  Barnes  (1970),  thought  to  exist  at  12  These  effects  will 

make  themselves  felt  principally  In  the  radial  variation  of  bulk  speed  and 
Ion  temperatures,  but  the  hydromagnetlc  waves  have  a large  velocity  ampll— 
tude  (^  ■ 4^) , and  may  be  detectable  directly  as  a local  Increase  In  veloc- 
ity  fluctuation.  There  may  also  be  an  effect  upon  the  electron  temperature 
and  temperature  anisotropy,  although  this  Is  not  certain  at  present.  It  has 
also  been  suggested  that  heating  In  an  extended  region  might  be  caused  by 
the  transfer  of  energy  from  electrons  to  Ions  at  ^ 12  I^.  The  relative  Im- 
portance of  these  mechanism  could  be  evaluated  If  It  Is  found  that  such  heat* 
Ing  plays  a part  In  the  acceleration  of  the  solar  wind  to  high  speeds.  The 
relationship  of  the  solar  wind  to  the  underlying  solar  surface  structure  can 
also  be  studied.  For  example,  how  much  of  the  solar  wind  comes  from  coronal 
holes,  and  vdiat  Is  the  natta*e  of  the  source  regions  of  streams?  Plow  may  be 
far  from  radial  close  to  the  stm,  this  direction  being  presumably  along  the 
local  magnetic  field.  The  co-rotation  of  the  plasma  Is  also  Interesting, 
since  measurements  at  1 AU  of  the  angular  momentum  loss  of  the  sun  are  not 
In  a satisfactory  state.  All  these  measurements  require  observations  made 
Inside  both  the  critical  radius  ( 'v  10  and  the  Alfven  radius  (20  1^),  am 
the  Solar  Probe  Is  Ideal  for  these  studies. 

Trajectory  Considerations 

The  suggested  choice  (closest  approach  4 1^;  Inclination  90**,  nodal  an- 
gle 45**)  seems  satisfactory  for  the  plasma  measurements,  since  It  Is  likely 
to  pass  across  at  least  extensions  of  the  polar  coronal  holes. 

In  1989  the  solar  activity  will  be  rising,  so  that  there  may  be  some 
coronal  hole  structures  near  the  equator  but  the  dominant  holes  will  prob- 
ably be  the  polar  holes.  Thus  a high  Inclination  will  almost  certainly  pass 
across  parts  of  the  surface  occupied  by  holes,  and  parts  not  occupied  by 


There  may  be  difficulties  In  making  solar  wind  measurements  this  close 
to  the  sun  (T^  “ • 10^  K,  U > 100  km  sec"^,  n 5 x 10^  cm”^);  see  Fig.  1. 

For  example,  » 30  cm,  Is  smaller  than  the  spacecraft,  which  means  that 
there  will  be  wake  effects  doimstream  of  the  craft.  The  Alfven  speed  (Fig.  2) 
is  high  enough  there  that  shocks  are  unlikely  to  form  about  the  spacecraft. 

The  plasma  parameters  obtained  directly  will  thus  be  characteristic  of  the 
medium,  but  the  spacecraft  will  be  surrounded  by  an  asymmetric  sheath  even  if 
It  is  an  equlpotentlal.  This  is  likely  to  trouble  the  plasma  wave  experiments. 

It  would  be  advantageous  to  have  two  spacecraft  either  separated  by  a 
small  distance  along  the  orbit,  or  at  different  inclinations.  In  the  for- 
mer case  time  dependent  effects  can  be  studied,  while  in  the  latter  case  there 
is  a greater  chance  of  overflying  an  equatorial  coranal  hole.  Perhaps  one  craft 
could  act  as  a telemetry  relay  for  the  other. 

A spinning  spacecraft  has  some  advantages  in  terms  of  solid  angle  cover- 
age but  these  in  general  do  not,  in  the  present  author's  opinion,  outweigh  the 
weight  penalty. 

Ion  Measurements 

If  the  alms  of  the  mission  are  to  be  met,  there  are  two  classes  of  ion 
measurements: 

1)  Accurate  proton  distribution  function  measurements. 

2)  Composition  measurements. 

1.  The  distribution  function  needs  to  be  measured  so  that  heating  and  accel- 
eration models  can  be  checked.  Since  the  aberration  angle  is  large,  it  is 
possible  to  observe  the  ions  by  looking  past  the  heat  shield  with  a 

wide  angle  detector  (Faraday  Cup) . It  seems  unlikely  chat  a detector  which 
looked  over  the  edge  of  the  spacecraft  could  survive  2500  times  the  sun’s 
radiation  at  1 AU,  and  the  corresponding  photo— electrons  would  cause  problems. 

An  external  deflection  electrode  system  would  probably  impact  the  design  of 
the  spacecraft  and  also  perturb  the  ambient  plasma  and  make  it  difficult  to 
make  measurements  of  low  energy  elections  and  plasma  waves. 

2.  The  piincipal  advantage  of  this  mission  for  composition  studies  is  that 
even  the  rare  iqns  are  present  in  large  numbers.  The  disadvantage  is  that  the 
thermal  and  bulk  velocities  are  comparable,  so  that  a high  velocity  resolu- 
tion is  required  over  a large  range  in  velocity.  Mass  and  charge  states  must 
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PlfSare  1.  Density  and  magnetic  field  as  a function  of  R/1^ 


solar  wind  speed* 


be  determined  separately,  since  the  most  Interesting  region  Is  highly  tur- 
bulen; .. 

Apart  from  direct  Ion  temperature  and  composition  measurements,  the 
scientific  nlms  outlined  above  can  be  carried  out  If  we  have  reliable  mea- 
surements of 

Density 

Electron  temperature  and  temperature  anisotropy 

Bulk  velocity 

Electron  heat  flux  along  the  trajectory 
There  arc  no  substitutes  for  Ion  composition  and  Ion  temperature  measure- 
ments, but  there  are  many  advantages  in  obtaining  the  other  plasma  parameters 
by  measurements  on  electrons.  The  thermal  speeds  of  the  electrons  are  always 
large  compared  to  the  solar  wind  speed  and  the  vehicle  speed,  so  that  elec- 
trons can  be  measured  by  an  Instrument  which  Is  always  behind  the  heat  shield. 
Thus  there  will  be  little  trouble  In  ensuring  that  the  detector  survives.  The 
design  suggested  in  Fig.  3 Is  a slx-axls  narrow  angle  spectrometer.  This  Is 
particularly  well  suited  to  measuring  drift  velocities  In  any  direction  since 
a detector  looks  up  and  down  each  of  three  mutually  perpendicular  directions. 
Each  of  the  six  cylindrical  electrostatic  analyzers  has  two  detectors,  so  by 
providing  two  high  voltage  supplies  and  using  different  apertures  and  accumula- 
tion times,  the  above  quantities  may  bo  measured  all  the  wey  from  5 AU  to  4 R^. 
An  additional  advantage  is  that  even  though  aberration  is  large  and  changes, 
and  the  flow  may  be  in  any  direction  when  close  to  the  sun,  it  can  be  mea- 
sured by  this  Instrument  without  any  mechanical  motion.  A similar  Instrument 
has  been  operating  on  the  ISEE-A  spacecraft  (a  spinner)  for  the  last  six 
months,  and  has  proven  to  be  able  to  measure  the  solar  wind  speed  to  an  accu- 
racy of  a few  percent  and  Its  direction  to  an  accuracy  of  one  or  two  degrees. 
Figure  4 shows  data  obtained  during  a pass  through  the  magnetosheath  of  the 
earth.  Since  the  trajectory  parameters  must  be  known  to  high  accuracy  for 
the  relativity  experiment,  the  bulk  speed  can  be  determined  to  a similar  de- 
gree of  accuracy  on  this  mission.  If  the  spacecraft  were  spinning,  the  higher 
moments  of  the  electron  distribution  function  could  be  determined  more  fre- 
quently, but  the  experiment  Is  compatible  with  a non-splnnlng  spacecraft  pro- 
vided that  the  magnetic  field  direction  Is  available.  Data  can  be  taken  In 
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a "anapahot"  mode  and  read  out  comparatively  alowly  to  prevent  aliaalng;  data 
atorage  la  required  to  achieve  full  effectlveneaa.  In  thla  way  we  arrive  at 
the  following  requirements: 

Haas  4 kg 

Power  3 w Electrons  only. 

Telemetry  100-200  bps 

The  Instrument  should  be  mounted  on  the  antl-sunward  end  of  the  spacecraft 
looking  out  at  various  angles  to  the  axis.  These  angles  will  be  decided 
*^ter  an  extensive  simulation  program  designcMl  to  ensure  that  the  parameters 
can  be  measured  with  the  required  accuracy  when  close  to  the  sun.  In  view  of 
the  small  Debye  length  compared  to  the  typical  spacecraft  dimensions,  special 
care  should  be  taken  to  make  the  spacecraft  conducting. 
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SPECTROSCOPIC  MAPPING  OF  SOLAR  WIND  VELOCITIES 
John  L*  Roltl 

Harvard- Smithsonian  Center  for  Astrophysics 


ABSTRACT 

During  the  total  solar  eclipse  of  1970,  measurements  of 
resonantly  scattered  Lyman-alpha  radiation  from  the  solar  corona 
revealed  a means  to  determine  temperatures  and  densities  in  the 
solar  corona  beyond  1.5  Rq.  A natural  extension  of  this  work 
is  to  use  the  Solar  Probe  to  measure  the  spectral  line  profile 
of  Lyman-alpha  radiation  backscattered  toward  the  Sun  from 
coronal  regions  between  4 Rq  and  10  ^G*  The  backscattered 
profile  would  provide  unique  and  quantitative  determinations  of 
the  outflow  velocities  of  coronal  material  into  the  solar  wind. 
Such  information  is  of  critical  Importance  for  understanding 
solar-wind  formation  and  solar-terrestrial  effects  on  the  Earth's 
climate.  There  is  no  known  way  to  obtain  this  information  without 
a Solar  Probe-type  mission. 


I.  INTRODUCTION 


Measurements  of  spectral  line  profiles  of  coronal  hydrogen  Lyman-alpha 
radiation  can  provide  a means  for  determining  the  solar  wind  velocities  and 
temperatures  of  coronal  regions  within  about  10  solar  radii  from  sun  center 
(R_).  Outflow  velocities  of  coronal  material  into  the  solar  wind  are  needed 
to  understand  the  supersonic  coronal  expansion*  The  kinetic  temperature 
of  coronal  protons  is  a key  parameter  for  determining  the  amount  and  mechan- 
isms of  heating  in  the  various  structures  of  the  solar  wind  acceleration 
region  (presently  believed  to  be  between  2 R^  and  10  R^).  Theories  of  solar- 
wind  acceleration  are  closely  related  to  a collage  of  natural  phenomena  which 
include  solar-terrestrial  effects  on  the  Earth's  climate*  accretion,  the 
escape  of  matter  from  stellar  atmospheres,  and  stellar  formation. 

The  present  state  of  knowledge  of  solar-wind  dynamics  is  severely 
limited  by  a complete  lack  of  experimentally  determined  velocities  and  tem- 
peratures in  the  acceleration  region.  Solar-wind  velocities  have  been  ob- 
served at  1 AU,  with  some  measurements  as  close  as  0.3  AU,  and  Doppler  shifts 
of  coronal  lines  have  provided  some  evidence  of  outflow  velocities  in  coronal 
holes  at  about  1.1  R^.  Coronal  temperature  measurements  have  been  limited  to 
regions  within  1.5  R^. 

The  Solar  Probe  provides  a unique  opportunity  to  determine  solar-wind 
velocities  in  the  acceleration  region  from  direct  measurements  of  backscattered 
Lyman-alpha  radiation.  Only  outwardly  directed  observations  of  Lyman-alpha 
radiation  from  within  the  corona  are  sufficiently  sensitive  to  determine 
solar-wind  velocities.  The  Harvard-Smithsonlan  Center  for  Astrophysics  has 
built  rocket  Instrumentation  to  observe  the  Lyman-alpha  corona  in  the  absence 
of  a natural  solar  eclipse  (Kohl«  Reeves,  Kirkham, 1978) . The  first  measure- 
ments are  planned  for  the  fall  of  1978.  Measurements  from  near  the  Earth  of 
coronal  Lyman-alpha  line  profiles  are  expected  to  provide  coronal  hydrogen 
temperatures  but  provide  very  little  information  about  velocities.  Observa- 
tions with  a visible  light  coronagraph  are  useful  for  determining  electron 
densities.  The  combination  of  outwardly  directed  observations  of  Lyman-alpha 
line  profiles  from  Solar  Probe  and  Earth-based  synoptic  observations  near  the 
time  of  solar  encounter  with  a Lyman-alpha  coronagraph  and  a visible-light 
coronagraph  would  provide  velocity,  temperature,  and  density  maps  for  a large 
segment  of  the  solar  corona.  Such  Information  can  be  conveniently  displayed 
as  artificial  solar  eclipse  pictures  in  false  color. 


n.  THE  LVMAN-ALPHA  CORONA 
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fT^tT  The  Lyman-alpha  corona  photographed  at  second  contact  during 
the  1970  solar  eclipse  (the  second  image  is  from  Fe  XII  124.2  nm). 
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Fig.  2 Estimated  intensity  of  the  Lyman-alpha  corona  versus  the  distance  from  Sun  center  (In 
solar  radii  Rq)  for  typical  equatorial  regions  and  coronal  holes,  the  upper  part  of  the  flgur. 
represents  observations  of  the  Lyman-alpha  corona  for  a llne-of-slght  Inclined  at  angle  0 with 
respect  to  a radial  line  through  the  point  of  observation  of  interest. 
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Fig.  3 Line  profiles  associated  with  resonai.t  scattering  of  Lyman-alpha 
radiation.  The  upper  part  of  the  figure  shows  a typical  emergent  Lyman- 
alpha  profile  from  the  disk  (solid  line)  and  a 1.5  x 10®  K thermal 
gaussian  profile  (dashed  line).  The  lower  part  of  the  figure  shows  the 
expected  coronal  profiles  for  resonant  backscattering  toward  Sun~center 
for  several  different  solar-wind  velocities. 


Because  the  observed  line  profile  Is  determined  by  the  velocity  distri- 
bution of  excited  atoms  In  the  llne-of-slght  direction*  the  profile  of 
scattered  radiation  at  6 * 90°  would  be  similar  to  the  gausslan  curve  of 
Figure  3.  However,  for  backscattered  radiation  (6  - 0°),  the  velocity  dis- 
tribution of  excited  atoms  and  hence  the  reemlsslon  profile  Is  proportional 
to  the  product  at  each  wavelength  of  the  Incident  chromospheric  profile  and 
the  velocity  profile  of  ground  state  coronal  hydrogen.  A net  outflow  velocity 
has  the  effect  of  shifting  the  absorption  profile  toward  longer  wavelengths 
with  respect  to  the  chromospheric  profile.  This  dramatically  affects  the 
velocity  distribution  of  excited  atoms  but  only  In  the  direction  of  the  In- 
cident radiation.  The  resulting  Lyman-alpha  profiles  for  backscattered 
radiation  are  quite  sensitive  to  the  25-100  km  s”^  velocities  that  are  ex- 
pected over  much  of  the  acceleration  region.  A set  of  such  profiles  Is  shown 
In  the  lower  part  of  Figure  3.  The  solar-wind  velocities  can  be  derived  from 
the  shapes  of  the  profiles.  Neither  absolute  wavelength  positions  nor  absolute 
Intensities  are  needed  although  they  both  contain  useful  Information. 

The  backscattered  profiles  depend  on  the  velocity  profile  of  the  absorbers 
which  should  be  determined  Independently.  A major  advantage  of  hydrogen  as 
opposed  to  heavier  elements  Is  that  the  thermal  velocities  are  relatively 
large  compared  to  expected  turbulent  velocities.  Hence,  it  Is  probably  not 
necessary  to  measure  the  velocity  distribution  in  precisely  the  direction  of 
the  Incident  radiation. 

The  overlap  of  the  chromospheric  profile  and  Doppler-shifted  coronal  pro- 
file decreases  with  increasing  outflow  velocity.  The  resulting  change  in  inte- 
grated intensity  of  the  scattered  radiation  affects  all  0 angles  equally.  This  has 

been  termed  "Doppler  dimming"  and  has  beer,  described  by  Hyder  and  Lites  (1970). 

» 

In  principle,  velocities  can  be  determined  by  looking  for  differences  in  the 
Intensity  gradient  between  resonantly  scattered  Lyman-alpha  radiation  and 
Thomson  scattered  visible  radiation.  However,  Doppler  dimming  of  Lyman-alpha 
Is  only  a 27%  effect  for  outflow  velocities  of  100  km  s“^  (cf.  Fig.  3).  Be- 
cause of  uncertainties  In  the  predicted  Intensity  due  to  the  hydrogen  Ioniza- 
tion balance,  differences  in  electron  temperature  versus  proton  temperature, 
and  llne-of-slght  uncertainties,  Doppler  dimming  is  not  expected  to  be  useful 
for  determining  velocities  less  than  ab"‘»t  200  km  s~^.  Even  in  this  case, 
large  uncertainties  would  be  present. 


The  profiles  given  In  the  lower  part  of  Figure  3 represent  the  contribu*- 
tlon  from  a region  of  constant  temperature  and  outflow  velocity.  Actual  pro- 
files at  0 • 0®  would  contain  contributions  from  along  the  llne-of -sight. 

Since  the  intensity  decreases  with  radial  distance,  the  contribution  functions 
tend  to  be  peaked  toward  the  smaller  radial  distances.  The  decrease  in  in- 
tensity with  the  expected  Increase  in  outflow  velocity  provides  an  additional 
decrease  in  the  contribution  from  larger  radial  distances  beyond  that  shown 
In  Figure  2.  We  have  initiated  a program  to  evaluate  the  expected  contribution 
functions  with  computer  generated  observations. 

III.  LYMAN-ALPHA  MEASUREMENTS  FROM  SOLAR  PROBE 

The  principal  objective  of  a measurement  of  coronal  Lyman-alpha  radiation 
from  Solar  Probe  would  be  to  determine  the  net  outflow  velocities  of  coronal 

hydrogen  into  the  solar  wind  for  a variety  of  coronal  features  between  A R 

0 

and  10  R^.  There  is  no  known  method  to  obtain  this  Information  without  a 
Solar  Probe-type  mission.  Lyman-alpha  observations  could  also  be  used  to 
determine  thermal  and  turbulent  velocity  distributions  of  coronal  hydrogen. 

As  discussed  in  Section  II,  the  expected  outflow  velocities  can  be 
determined  from  measurements  of  the  spectral  line  profiles  of  backscattered 
Lyman  alpha  radiation  (6  * 0°).  The  required  instrument  is  a simple  telescope- 
spectrometer  system  placed  in  the  shadow  of  the  heat  shield  and  directed  out- 
ward from  the  Sun  along  the  Sun-probe  line.  A suitable  angular  resolution  of 
the  telescope-spectrometer  system  would  be  about  1“  which  corresponds  to 
0.017  Rq  at  a distance  of  1 Rq  from  the  probe.  Such  an  instrument  could  be 
used  to  obtain  the  required  Lyman-alpha  profiles  for  the  0 ■ 0*  direction. 
Additional  observations  from  Solar  Probe  at  0 » 45*  and  70*  would  be  useful 
for  determining  the  velocity  distribution  of  coronal  hydrogen  which  is 
required  for  a full  analysis  of  the  profiles  observed  at  0 • 0*.  Observations 
of  the  Lyman-alpha  corona  from  near  the  Earth  could  be  used  to  help  establish 
contribution  functions  from  along  each  llne-of-slght  (see  Sec.  II). 

There  are  several  positive  technical  aspects  associated  with  velocity 
determinations  from  measurements  of  backscattercd  Lyman-alpha  radiation.  Recall 
that  the  expected  solar-wind  velocities  and  the  thermal  velocities  of  hydrogen 
In  the  acceleration  region  are  of  similar  magnitudes,  and  the  planned  speed  of 
the  spacecraft  through  the  coronal  plasma  is  also  in  this  general  range.  This 
situation  would  not  be  troublesome  for  the  Lyman-alpha  observations.  Because 


the  rcglooH  observed  In  Lyinan-alpha  radiation  would  be  well  away  from  Solar 
Probe,  they  would  not  be  affected  at  all  by  any  local  disturbance  of  the 
environment  near  the  probe.  Spacecraft  motion  would  not  affect  the  velocity 
determiic'd-ion  since  It  w<>nld  be  based  on  tlie  shapes  of  the  profiles  other 
tlnn  vavcl engtli  shifts.  Measurements  of  bad  scattered  radiation  sample  the 
velocities  moving  away  as  well  as  toward  the  probe.  TIte  hyman-alpha  observa- 
tions are  sensitive  to  the  expected  outflow  veh*»;itios.  Unlike  electron 
velocities,  the  expected  net  outflow  velocity  of  hydrogen  Is  an  appreciable 
fraction  of  the  hydrogen  thermal  velocity. 

IV . INSTRUMENTATION 

We  plan  to  conduct  a scientific  and  engineering  study  to  establish  the 
conceptual  design  of  an  Instrument  for  Solar  Probe  to  measure  coronal  Lyman- 
alpha  radiation.  The  design  will  draw  on  our  experiences  with  a Lyman-alpha 
coronagraph  instrument.  Mei.nwhlle,  the  instrument  can  be  considered  to  be 
a short  focal  length  telescope  with  a baffle  system  along  the  telescope  axis 
and  a 0.25  meter  spectrometer.  The  Instrument  would  have  no  moving  parte. 

A multiple  anode  array  detector  with  out  60  elements  would  be  used.  The 
primary  telescope  would  be  directed  along  the  Sun-probe  line  away  from  Sun 
center.  Additional  telescope  mirrors  could  be  directed  at  0 ■ 45*^  and/or  7C°. 
Multiple  spectrometer  entrance  slits  would  be  uspd  for  the  various  telescope 
images.  The  instrument  would  be  placed  in  the  shadow  of  the  heat  shield. 

The  required  spectral  resolution  is  about  0.01  nm  and  the  angular  resolution 
would  be  about  1°.  As  a design  goal,  the  weight  would  be  4 to  6 kg.  The  power 
requirements  for  the  high  voltage  power  s^ply  and  data  system  would  be  about 
10  watts.  The  data  rate  would  be  about  48  bps.  The  expected  temperature 
excursions  will  require  a careful  design  in  order  to  maintain  spectral  focus. 
The  electronics  would  have  the  usual  sensitivity  to  radiation  damage.  The 
acceptable  detector  background  count  rate  would  put  constraints  on  the  radia- 
tior  environment. 

V.  MEASUREMENTS  FROM  NEAR  THE  EARTH 

Several  types  of  solar  observations  from  near  the  Earth  would  be  use- 
ful at  the  time  of  the  solar  encounter  to  support  Lyman-alpha  observations 
from  Solar  Probe.  Synoptic  observations  with  a visible  light  coronagraph 
during  the  several  days  preceding  and  following  the  solar  encounter  could  be 


uaed  to  determlno  three  dlmenalonal  electron  density  maps.  Measurements  of  the 
emergent  chromospheric  Lyman-alpha  profile  would  be  useful  for  the  analysis  of 
the  l,yroan'’alpha  profiles  obtained  with  the  Solar  Probe  Instrument.  Synoptic 
observations  of  the  coronal  Lyroan-alpha  profile  and  Intensity  could  bo  used 
to  determine  thermal  and  turbulent  velocity  distributions  and  help 
evaluate  the  llne-of-slght  contributions  of  the  Solar-Probe  observations. 

Rocket  Instrumentation  has  been  developed  at  this  laboratory  for  measuring 
the  Intensity  and  spectral  line  profile  of  coronal  Lyroan-'alpha  radiation  in  the 
absence  of  a natural  solar  eclipse,  A scanning  spectrometer  with  photoelectric 
detection  Is  combined  with  a linear  occulting  system  which  reduces  stray  light 
levels  near  121.6  nm  by  about  seven, orders  of  magnitude  with  respect  to  solar 
disk  radiation.  This  provides  adequate  stray  light  suppression  for  observa- 
tions out  to  4.0  ^ from  sun  center.  Straightforward  modifications  of  the 
occulting  system  would  be  required  for  measurements  beyond  4 and  spectral 
resolution  of  about  0.003  nm  would  be  required  to  Isolate  cleanly  the  narrow 
geocoronal  Lyman-alpha  line  within  the  solar  coronal  line  profile'. 

Because  of  the  rapid  decrease  in  Lyman-alpha  Intensity  with  radial 
distance,  coronagraph  and  eclipse  measurements  of  the  Lyman-alpha  corona  tend 
to  sample  coronal  regions  with  scattering  angles  9 near  90®.  The  contributions 
to  the  observed  profiles  would  be  small  for  points  along  the  llnes-of-si ^ht 
corresponding  to  0 angles  significantly  larger  ^han  135®  (see  Fig.  2).  Hence 
the  resulting  profiles  are  Insensitive  to  outflow  velocities. 

The  rocket  version  of  the  new  Lyman-alpha  coronagraph  will  be  used  for 
the  first  time  in  the  fall  of  1978.  Coordinated  observations  of  the  visible- 
light  corona  will  be  carried  out  by  the  High  Altitude  Observatory.  Figure  4 
illustrates  a typical  observing  program  of  the  Lyman-alpha  coronagraph  fot  the 
early  rocket  flights.  The  Lyman-alpha  profile  and  intensity  would  be  measured 
for  several  4"*^  by  0.6*^  regions  of  a coronal  streamer  between  1.5  Rq  and  4.0  Rq 
and  for  a coronal  hole  out  to  2.0  Rq.  Coronal  temperatures  will  be  determined 
from  the  line  shape  and  neutral  hydrogen  densities  will  be  estimated  from  the 
visible  light  observations.  The  data  from  the  two  instruir.ent8  will  be  combined 
to  investigate  the  ionization  equilibrium  of  hydrogen,  the  amounts  of  mechanical 
heating  In  the  corona  and  the  location  where  this  heat  is  deposited.  Some 
indication  of  outflow  velocities  might  be  contained  in  the  relative  intensitlen 
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Fig*  4*  Typical  coronal  regions  to  be  observed  with  a new  rocket  borne 
Lyman-alpha  coronagraph.  The  white  light  corona  is  from  the  1966  solar 
eclipse  (Newkirk  et  al.,  1970). 
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of  th«  LyMn-alphft  radiation  and  the  viaible  light. 

To  obtain  extensive  observations  of  the  Lyman-alpha  corona  which  include 
aynoptlc  observations*  an  upgraded  Lynan-elpha  coronagraph  is  being  planned 
for  Spacelab. 
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A New  Method  of  Modelling  Coronal  Magnetic  Fields 

M.  Schulz,  E.  N.  Frazier,  and  D.  J.  Boucher 
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El  Segundo,  CA  90245 

(Abstract) 


We  discuss  a new  method  (Schulz  et  al.,  1978)  of  modelling  the  coronal 
magnetic  field  which  uses  a non-spherlcal  source  surface.  This  surface  is 
taken  to  be  an  Isogauss  of  the  underlying  potential  field  generated  by 
those  currents  which  flow  below  the  solar  surface.  With  the  Solar  Probe, 
it  will  be  possible  to  check  how  good  this  model  is  for  extrapolation  of 
fields  between  the  photosphere  and  1 AU.  Of  special  Interest  will  be  the 
observation  of  non-radial  fields  between  4 and  10  , the  fields  over 

active  regions  (where  the  source  surface  exhibits  dimples) , and  across 
current  sheets. 
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ABSTRACT 

It  has  long  been  recognized  that  the  boundary  conditions  at  and  close 
to  ttie  Sun  must  be  known  for  all  physical  models  which  purport  to  describe 
the  flow  of  both  quiescent  and  transient  plasmas  into  the  interplanetary 
medium.  Determination  by  an  ia  situ  probe  of  the  background  or  transient 
plasma  and  field  characteristics  would  greatly  aid  our  understanding. 

For  example,  assumptions  for  the  background,  equilibrium  atmosphere  fur 
MHD  computer  simulations  must  now  be  considered  as  hoc.  As  a case  in 
point,  we  note  that  magnetic  field  magnitudes  and  topologies  in  the  low 
corona  cannot  be  measured  directly. 


.367 


la  order  to  obtain  an  asseasment  of  the  validity  of  such  assusiptlons, 
we  will  review  a state*of*art  fluid  continuum  technique  to  describe  the 
MHD  transient  response  of  the  corona  below  10  solar  radii  during  a well- 
observed  event  during  the  Skylab  mission. 

Moire  explicitly,  a two-dimensional,  planar  MHD  model  of  solar 
atmosphc  ..  transient  events  is  used  to  simulate  the  response  of  the  corona 
to  a flare  on  1973  August  21,  This  event,  observed  in  Ho,  He  II  30U  A, 
soft  X-ray  and  coronal  white  light,  provided  sufficient  information  to 
assess  the  model's  ability  to  simulate  major  features  of  an  actual  solar 
It  was  found  that  a thermodynamic  input  pulse  based  on  data  pro- 
vided by  the  HASA/lforshsill  Space  Flight  Center-A*-  rospace  Corporation 
X-ray  telescope  (S-056)  on  Skylab  was  sufficient  to  produce  the  global 
geometry,  shock  and  contact  surface  velocities,  excess  mass  contours  and 
energy  budget  which  were,  for  the  most  part,  observed  by  the  High  Altitude 
Observatory  white-light  coronagraph  (S-052)  on  Skylab  in  the  form  of  a 
forerunner  and  coronal  transient.  Another  event,  that  of  5 September  1973, 
is  also  briefly  examined. 

We  conclude  that  the  computer  simulation  technique,  as  demonstrated 
by  the  encouraging  results  in  the  present  case,  should  be  subjected  to 
is  sjt\i  verification  of  as  many  of  its  Initial  assumptions  as  possible. 

Its  ability  to  provide  a rational  basis  for  physical  understanding  of  mass 
ejections  suggests  its  use  as  one  of  the  tools  used  in  the  planning  and 
analysis  of  such  close  encounter  missions. 


A number  of  non-linear,  magnetohydrodynamic (MHD),  numerical  modela 
are  presently  under  development  for  the  computer  simulation  of  transient 
events  in  the  solar  atmosphere.  It  is  the  objective  of  these  simulations 
to  provide  insight  to  the  dominant  physical  processes  within  such  events 
and,  further,  to  predict  their  consequences  in  the  interplanetary  medium. 

A continuing  confrontation  between  experiment  and  theory  is  necessary, 
paraphrasing  the  1978  Report  (Volume  1)  of  the  HAS'  Space  Science  Board, 
for  the  health  of  both  as  well  as  to  achieve  a real  understanding  of 
nature. 

It  is  important,  then,  to  review  several  basic  facts  concerning 
numerical  siimilatlons  so  that  further  confrontations  can  be  assessed  in 
an  organized  way.  First,  the  output  of  such  simulations  is  dependent 
upon  a number  of  parameters.  That  is,  numerical  solutions  of  MHD  models 
are  functions  of  the  foUowing:  (i)  the  initially-assumed  equilibrium 

atmosiAiere;  (li)  magnetic  topology  which  is  in  equilibrium  with  this 
atmosphere;  and  (ill)  magnitude  and  duration  of  the  pulse  (i.e.,  ”flare”, 
etc.)  which  drives  the  transient.  Secondly,  the  output  of  such  simula- 
tions depends  upon  assumptions  involving  the  presence,  magnitude,  and 
type  of  dissipative  processes.  However,  the  solutions  are  unique  for  a 
given  set  of  assumptions  and  parameters. 

We  adopt  the  view  that  coronal  mass  ejections  into  the  solar  wind 
may  best  be  described  via  the  fluid  continuum  assumption  wherein  the  plasma 
and  magnetic  field  are  mutually  interactive.  Thus,  we  set  aside  the  study 
of  very  low  plasma  beta  examples  (fi  » l6vnkT/B  < <1.0)  wherein  plasma  is 
constrained  to  act  within  initially-presdRbed  magnetic  topologies.  The 
panoply  of  MHD  waves  must,  therefore,  be  considered,  including  their 
formation  and  propagation  as  shock  waves.  The  work  described  here  is  a 
summary  and  slight  extension  of  recent  studies  by  Stelnolfson  et  al.  (1978), 
Dryer  et  al.  (1978),  and  Dryer  and  Maxwell  (1978). 

The  next  section  describes  an  MHD  simulation  of  the  coronal  response 
to  flares  on  21  August  1973  and  5 September  1973.  These  events  were  well- 
observed  by  ground-based  observatories  and  by  the  Sky lab  ATM  Instruments* 
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The  Byente  of  21  Awmet  107^.  Spatial  and  tenporal  soft  X-ray 
obaervatlona  of  this  east  limb  event  were  uaed  to  model  the  flare* a 
pulse  (Dryer  et  al,,  1978),  The  initial,  one-fluid,  atmosphere,  in  force— 
free  equilibrium  with  a magnetically,  topologically-open  portion  of  a 
8lx-lobed  hexapole,  was  In  polytropic  equilibrium.  The  polytropic 
index  was  taken  as  I.08,  and  the  number  density  and  teoQ>erature  at  the 
base  (taken  as  1 R.  from  the  sun's  center)  were  taken,  based  on  observa- 
tions, as  n = 5x10  cm  ^ and  T = 2x10^  °K,  respectively.  Tiro  values 
(for  separate  computations)  of  the  magnetic  field  at  the  coronal  base 
and  on  the  axis -of- symmetry  were  taken  as  B = 0.63k G and  2,6k  G.  The 
first  case  will  be  referred  to  as  the  3 = 1.0  case;  th#»  second,  as  the 
3 s C.l  case. 

The  soft  X-ray  observations  were  used,  via  the  technique  of  flux 
ratios  (c.f.,  Ivestka,  I976,  or  Wilson,  1977),  to  provide  a pressure 
pulse  as  a representation  of  the  flare’s  transfer  of  energy  and  momentum 
to  the  corona  and,  ultimately,  to  the  solar  wind.  Figure  1 shows  the 
observationally-inf erred  density  and  temperature.  It  is  seen  that  the 
rapid  rise  was  followed  by  an  elevated  level  of  sustained  output  of 
thermal  energy  and  momentum  transfer.  The  full  set  of  equations,  de- 
scribed in  detail  by  Steinolfson  et  al.  (1978),  was  solved  self -consist- 
ently and  uniquely  for  the  coronal  spatial  and  temporal  response  in  twu 
dimensions.  The  asymmetrical  shape  of  uhe  fast,  forward  MHD  shock  wave  is 
shown  in  Figure  2 one  hour  after  the  stavt  of  the  flare  (at  1340  UT  on 
21  August  1973).  The  larger  lorentz  forces  somawhat  constrain  the  plasma 
flow  behind  the  shock  for  the  3 • 0.1  case  in  comparison  with  the  3 = 1.0 
case.  The  position  cf  the  maximum  density  increase  is  also  shown  for  each 
case.  Generally,* the  latter  is  seen  to  simulate  rather  closely  the 
coronal  transient  observed  for  this  event  by  Etoland  and  Munro  (1976). 

The  MHD  simulation  not  only  provides  detailed  information  which  can 
be  compared  to  quantitative  observations,  but  it  also  provides  infonna- 
tion  where  observations  are  unavailable.  Figures  3 and  4,  for  example, 
show  the  density  ratio,  plasma  velocity  vectors,  temperature  ratio  and 
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nefcnnr^  21  August  1973 

NASA/MSFC 'Aerospace  Corp. 
((j9_  X-Ray  Telescope  (S-056) 


Pig.  1 Time  aeries  of  electron  temperature  and  density  for  the  flare- 
initiated  transient  event  on  the  east  limt  on  21  August  1973  t»s 
derived  from  the  NASA/Marshall-Aerospaoe  Corporation  3-056  X-ray 
experiment  on  Skylab. 
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Fig.  2 Simulated  shook  and  maximum 
density  ratio  positions  at  t = 1440  *oT 
for  the  p « 1 .0  and  p = 0.1  oases. 
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Cross-sectional  views  (through  one-half  of  tho  simulated  fleld- 
of-vlew)  of  various  plasma  properties  for  the  case;  0 » 1.0.  The 
numbers  assigned  as  contour  levels  by  the  computer  graphics 
routine  in  Figure  3d  are  identified  in  the  Inset  table  as  the 
physical  change  of  local  density. 
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(d)  EXCESS  DENSITY  CONTOURS  (/9«O.I) 
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Same  as  Figure  3 except  for  the  0-0.1  case. 


excess  density  contours  for  the  0 « 1.0  and  0.1  cases « respectively. 

Note  that  only  half  of  the  computational  field-of-view  needs  to  be  shown 
in  view  of  symmetry  about  the  solar  equator  at  6 >=!  0*^,  The  contact 
surfoce  (denoted  by  CS)  marks  the  position  along  the  axis-of-symmetrir  of 
a plasma  parcel  which  left  the  coronal  base  at  13^0  UT,  the  instant  of 
flare  initiation. 

Parenthetically,  we  remark  that  no  attempt  was  made  to  simulate  the 
"forerunner"  an  described  for  this  and  other  events  by  Jackson  and 
Hildnor  (I97<i).  We  believe  that  the  pre-flare  observations  of  coronal 
forerunners  may  be  associated  (via  fast  MHD  wave  density  enhancements) 
with  the  pre-flare  Ha  and  Fe  XIV  5303  A observations  reported  by  Martin 
fond  Wairisey  (1972)  and  Bruzek  and  Demastus  (1970).  During  the  post-flare 
observations  in  white-light,  the  forerunners  precede  the  denser  coronal 
transients  as  discussed  by  Jackson  and  Hildner  (197*:'-)  ♦ We  further  remark 
that  the  excess  density  contours  of  n-n^  (where  the  subscript  refers  to 
the  original,  undistui'bed  value  of  density,  etc.,  at  each  spatial  position) 
may  be  directly  compared  with  coronal  transient  observatious.  For  example, 
Dulk  et  al.  (l97o)  show  such  contours,  including  both  compressions  and 
rarefactions  (viz,.  Pigs.  3d  and  4d  of  this  paper)  for  the  event  of  l4-15 
September  1973. 

The  d(igree  of  magnetic  control  of  coronal  transients  has  been  the 
topic  of  considerable  discussion  (c.f. , Dulk  et  al.,  197b;  Dulk  aiid 
McLean,  1978;  Dryer  et  al,,  1978).  Values  of  magnetic  field  magnitude 
(or,  more  generally,  the  plasma  0 ) must  either  be  assumed  or  they  must  be 
inferred  on  the  basis  of  fragmentary  and  usually  indirect  observational 
data  coupled  to  ad  hoc  theoretical  considerations  (c.f.,  Dulk  et  al,, 

1976;  Kuijpers,  1975). 

V/ith  this  uncertainty  in  mind,  we  .show,  in  Figure  5,  both  the  initial 

0 distribution  along  the  equatorial  plane,  0=0°,  and  the  disturbed  0 at 

t c 75  ndn.  It  is  clear  that  our  initial,  undisturbed  0 is  unreal! stic - 

ally  large  at  R > 2 R for  both  cases.  This  fact,  which  stems  from  the 

o 

original  magnetic  topology  assuiiKd  for  our  model,  is  not  serious  because 
the  non-linear  coupled  plasma/fleld  interactions  differ  (for  0's  larger 
than  one)  by  essentially  only  the  characteristic  speeds.  Significant 
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Variation  of  the  plasma  beta  In  the  Initial,  equilibrium  atmosphere 
as  well  as  within  the  coronal  transient  along  the  equator  (6  ■ 0*). 


'.*h:inges,  of  course,  occur  for  6 < <'  1,0.  Figure  ^ also  shows  that  the 
temporal  behavior  of  0 within  the  coronal  transient  is  about  the  seme 
for  both  the  S - 1.0  and  0.1  cases.  It  is  interesting  to  note  that  the 
region  of  »mrealistically-high  values  of  $ is  now  removed  beyond 
R > 4 H . A discussion  of  the  deformed  magnetic  topology  is  deferred  to 
the  summary  below  of  the  MHD  simulation  of  the  5 September  1973  event. 

It  is  also  instructive  to  show  the  thermodynamic  variables  and 
plasma  velocity  in  an  alternative  presentation.  Figure  6a  shows  the 
thermal  pressure  ratio  in  the  half-tone  format  used  previously  in 
Figvu'es  3a  and  3c,  for  6 =1.0,  for  the  density  and  temperature  ratios 
at  l440  UT.  Note  that  the  pressure  is  continuous  across  the  contact 
surface  (CS),  whereas  the  density  and  temperature  are  anti-correlated 
as  a result  of  the  heated,  rarefied  plasma  evaporated  from  the  flare  site 
(-*3°  < 6 < +5°)  which  is  preceded  by  the  shocked,  compressed  (albeit  low  • 
temperature)  plasma  ahead  of  the  contact  surface.  The  absolute  values 
of  the  density,  temperature  and  velocity  (again,  corresponding  to  Pig.  3) 
are  shown  in  Figures  bb,  c and  d.  It  is  particularly  interesting  to 
note  that  a fast,  reverse  MHD  shock  wave  begins  to  form  behind  the  con- 
tact surface  along  the  equator  but  rapidly  weakens  in  the  latitudinal 
direction.  The  saw-toothed  shape  of  the  velocity  profile  at  0 = 0°  is 
reminiscent  of  forward  reverse  shock  ensembles  obaei*ved  in  the  solar 
wind  in  corotating  interaction  regions.  Whether  the  double-shock 
ensemble  is  produced  by  a long-lasting  flare  (as  in  the  present  case)  or 
by  a corotating  coronal  hole  is  immaterial  with  respect  to  the  lAiysics 
of  the  structure  itself. 

We  conclude  the  discussion  of  the  simulation  of  the  21  August  1973 
event  with  an  estimate  of  the  mass  and  energy  ejected.  Since  mass  (and 
magnetic)  flux  is  aLl.owed  to  cross  the  coronal  base  in  order  to  satisfy 
flux  conservation,  the  excess  mass  within  the  computational  field-of- 
view  may  be  computed  as  a function  of  time.  This  mass  build-up  is 
shown  in  Figure  7 for  the  B = 1,0  case.  The  cut-off  time  is  taken  as 
I'^IO  UT  when  the  shock  passes  the  6 R^  position.  At  approximately  this 
time,  the  shock  moves  beyond  the  latitudinal  boundaries  (see  Fig,  2)  as 
some  excess  mass  is,  accordingly,  not  included  in  the  computation.  As 
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Simulated  mass  ejected,  per  unit  depth  Into  the  plane  of  the  sky, 
as  a function  of  time  for  the  $ » t.O  case. 


shown  in  ^6ure  7^  the  two-dimensional  simulation  provides  an  estimate 
of  6.4x10  8 hm  , ^ invoking  symmetry  and  an  assumed  depth  of 

0.2  (140,000  km),  as  suggested  by  Poland  and  Munro  (I976),  Dryer 

et  al.^^1978)  estimated  the  mass  ejected  to  the  solar  wind  to  be 
2.3x10  g.  The  observati-mal  estimate,  based  on  the  white-li^t 
coronal  transient,  is  frau  0 8x10^^  g (Poland  and  Munro,  1976; 
midner,  1977}  and  Jackson  Hildner,  1978)  for  the  radial  interval 
from  2 to  6 R^.  The  fact  that  the  simulated  estimate  exceeds  the 
observed  one,  then,  by  less  than  an  order  of  magnitude  does  not 


detract  from  ^ftiat  is  considered  good  agreement  because  substantial 
ejected  mass  was  undoubtedly  present  below  the  observational  occult- 
ing disc  (at  2 in  the  coronagraph. 

The  excess  energy  can  similarly  be  computed.  Figure  8 shows  the 
build-up  of  thermal,  kinetic,  gravitational,  and  magnetic  energies. 

We  should  point  out  that  the  fact  that  thermal  energy  dominates  (with 
the  kinetic  energy  rapidly  overtaking  the  thermal  portion)  should  not 
be  construed  as  necessarily  a general  result.  lOr  exaa«>le,  as  noted 
above,  the  role  of  the  magnetic  field  Is  stiU  not  clear  and  requires, 
hopefully,  ia  .§1^  plasma  and  magnetic  measurements.  In  the  present 
case,  then,  the  net  energy  addition  by  1510  UT  Is  1.4xl0^'^erg  km*^,  or 
3.9xlCr  erg  after  multipUcation  by  an  assumed  140,000  km  thickness 
and  a factor  of  2 to  account  for  symmetry  about  the  equator.  The 
portion  of  this  total  estimate  for  the  kinetic  and  potential  forms  only, 
may  be  compared  with  the  observed  estimate  (Hildner,  I977),  again  with- 
in the  radial  ranges  noted  above.  These  values  are  1.6x1^^  erg 
(simulated)  as  coa^mred  with  l.kSxlO^^  erg  (observed).  This  order  of 
magnitude  difference  must  be  decreased  substantially  because  of  the 
unobserved  energy  excess  below  the  occulting  disc. 


By?hts  of  5 September  107^-  An  analogous  MHD  simulation  has 
been  performed  for  the  flare  of  5 September  1973  which  began  at  1826  UT 
(Dryer  and  MaxweU,  1978).  The  observations  are  described  in  a series 
of  papers  prepared  under  the  aegis  of  the  NASA  Skylab  Solar  Flare 
Workshop.  The  simulation  utiUzes  the  model  described  above,  but 
several  parameters  were  changed.  For  example,  the  coronal  base  density 


Energy  per  Unit  Depth  Along  Line  of  Sight,  erg  knrf^ 


3^1 
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was  Increased  to  n « 3*10  cm  and  the  field  magnitude  was  changed 
accordingly  to  B « 2.02  0 in  order  to  maintain  8 > 1.0  at  the  axis* 
of*symmstry  and  coronal  base  for  the  initial  equilibrium  atmosphere. 
Since  soft  X*ray  observations  of  density  and  temperature  were  not 
available,  Ihyer  and  Maxwell  (1978)  utilized  the  short,  iaqnilsive 
radio  burs.t  as  a suggestion  that  a 10  min  thermal  pulse  (in  a square 
wave  fashion)  would  be  appropriate.  The  temperature  was  increased  by 
factors  of  10,  20  and  4o  in  three  separate  calculations.  The  die* 
eussion  here  is  limited  to  the  ease  6 T » 40,  which  produced  a shock 
wave  velocity  ( > 1000  km  s ^)  which  compared  more  closely  with  that 
coaq)uted  tram  the  type  II  radio  burst  and  a ”10  x Saito’*  eoronca 
density  oiodel.  The  teBg>oral  development  of  the  loop  structure,  as 
indicated  Iqr  the  density  ratio,  is  shown  in  Figure  9 (upper  row)}  the 
temperattire  ratio,  with  anomalously-high  local  maxima  near  the  contact 
stirfaee,  is  shown  in  the  lover  row.  Note  that  the  radial  and  latitudi- 
nal scales  are  changed  at  t « 19  min. 

Figure  10  shows  the  thermal  pressure  development  for  the  same 

times  as  those  shown  (t  « 2,  4,  6,19  min)  in  Figure  9.  The  maxlii»nv" 

pressure  is  located  at  the  flare  site  during  the  pulse  and  changes  to 

the  vicinlly  of  the  contact  surface  after ^the  flare  ends.  It  is  of 

peurticular  interest  to  direct  attention  to  the  secondary  pressure 

maximum  at  t « 2 min.  This  maximum  is  (p/p^)  13  at  1.11<  R <1.13  Rq. 

The  pressure  Increase  which  corresponds  to  this  ratio  ls<u2.4  dy  cm"^. 

Hhis  simulated  result  compares  favorably  with  an  observed  pressure 

*2 

increase  of  9.5  cly  cm  inferred  by  Webb  (1977)  from  intensity 
measurements  of  an  X-ray  filament  above  the  flare  site  at  'v  182?  OT. 

The  temporal  development  of  the  deformed  magnetic  field  is  shown 
in  Figure  11.  Conservation  of  magnetic  flux  requires  that  new,  emerg- 
ing flux  move  upward  from  below  the  coronal  base  as  indicated  by  the 
dashed  lines.  Lines  of  constant  vector  potential  are  Indicated  by 
the  computer-assigned  constants  which  appear  in  the  figure  but  which 
have  no  other  physical  significance.  It  is  of  Interest  to  note: 

(i)  a null  is  formed  at  the  axis -of -symmetry  and  moves  upward  with 
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time}  (ii)  a region  of  atrong  magnetic  field  gradient  is  temporarily 
formed  at  t ^ 6 min,  indicating  atrong  current  formation;  and  (iii) 
the  fast,  forward  MHD  ahocR  ie  properly  formed  as  Indicated  by  the 
appropriate  increase  of  the  transverse  component  across  the  quasi- 
parallel  shock.  At  t 15  min,  the  shock  is  observed  to  be  moving 
laterally  toward  adjacent  poles  of  the  global  hexapole. 

Finally,  Dryer  and  Maxwell  obtained  estimates  for  ejected  mass 
and  energy  of  6.4x10^^  g and  2x10^^  erg,  respectively. 

CONCLUDING  REMARKS 

In  order  to  establish  a rational  framework  against  which  theory 
and  experiment  may  confront  each  other,  a planar,  two-dimensional, 
time -dependent  MHD  model  has  been  summarized  within  the  context  of 
two  flare  events.  Although  some  limited  comparisons  are  encouraging, 
much  remains  to  be  done  for  future  studies  of  this  kind.  We  have 
indicated  the  importance  of  the  assumed,  yet  flexible,  initial  con- 
ditions and  the  type  of  pulse  assumed  to  simulate  actual  physical 
events  such  as  flares.  It  is  impossible  to  overstate  the  necessity 
that  computer  simulation  techniques  be  subjected  to  i^  situ  verifica- 
tion of  as  many  of  the  initial  assumptions  as  possible.  However, 
the  MHD  model's  ability  to  provide  a rational  basis  for  improved 
physical  understanding  of  mass  ejections  suggests  its  use  as  a plann- 
ing and  analysis  tool  for  close  encounter  missions. 
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Interplanetary  scintillations  have  been  used  lu  probe  regions  of 
the  Interplanetary  medium  that  have  not  been  dlreztly  accessible  to 
spacecraft.  We  present  results  on  the  electron  density  spectrum,  the 
random  velocity  and  the  mean  velocity  of  the  solar  wind  in  the  region 
from  3 to  100  Rq.  Our  results  are  based  on  intensity  scintillations 
of  incoherent  radio  sources  at  different  locations  and  different  radio 
frequencies.  The  shape  of  the  electron  density  irregularity  spectrum 
is  shown  to  be  well  modeled  by  a power  law  In  wavenumber  with  a slope 
that  abruptly  steepens  at  higher  wavenumbers.  This  two  slope  power 
law  model  is  shown  to  have  a "break"  (defined  as  the  wavenumber  of  the 
change  of  slope)  that  Increases  with  decreasing  distance  from  the  Sun. 
The  fractional  random  velocity,  o^/v,  Is  shown  to  be  insignificant  at 
distances  of  greater  than  40  Rq , but  shows  a steady  increase  with 
decreasing  solar  distance  Inside  of  40  Rq . 

The  well-defined  break  in  the  spectrum  of  electron  density 
fluctuations  indicates  plasma  processes  in  the  wavenumber  range  0.01 
to  0.4  km  Plasma  detectors  on  a space  probe's  close  encounter  with 
the  Sun  should  be  capable  of  spectral  measurements  to  frequencies  of  at 
least  15  Hz  to  detect  these  phenomena. 
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Interplanetary  scintillations  have  been  used  to  probe  regions  of 
the  interplanetary  medium  that  have  previously  been  inaccessible  to 
spacecraft.  We  present  results  on  the  electron  density  fluctuation 
spectrum,  the  random  velocity,  and  the  mean  velocity  of  the  solar 
wind  in  the  region  from  5 to  100  solar  radii . Our  results  are  based 
on  intensity  scintillations  of  incoherent  radio  sources  at  different 
locations  and  different  radio  frequencies. 

Our  first  result  is  the  variation  of  the  shape  of  the  electron 
dersity  fluctuation  spectrum  with  heliographic  distance  and  is  shown 
in  Figure  1.  The  different  curves  are  the  estimates  of  the  S-dlmensional 
spatial  spectrtim  of  electron  density  fluctuations  parameterized  by 
distance  from  the  Sun.  From  the  shape  of  these  spectra,  it  is  clear 
that  a power  law  of  the  form  or  a power  law  with  two  distinct 

spectral  indices  is  the  inferred  model  for  the  spectrum.  The  double 
lines  delineate  the  range  of  measured  power  law  slopes  while  a dotted 
line  indicates  an  upper  or  lower  limit.  Details  of  data  analysis  and 
model  fitting  for  curves  a-d  may  be  found  in  Scott  (1978).  Curve  e is 
taken  from  earlier  work  by  Coles  and  Harmon  (1978).  The  solar  distances, 
spectral  slopes,  and  the  wave  numbers  of  the  breakpoints  In  the  spectra 
are  given  In  Table  1. 


TABLE  1. 

SUMMARY  OF  DATA  IN 

FIGURE  1 

Curve 

Radial  distance 
solar  radii 

Low  wave  number 

a 

High  wave  number 

Breakpoint 

ka-1 

a 

5-15 

2.8  + 0.2 

b 

15  - AO 

3.0  + O.A 

±5.0 

0.1 

c 

AO  - 70 

5.0  + 0.5 

d 

60  - 100 

<2.5 

3.7  + 0.2 

0.016 

e 

130  - 220 

2.8 

3.2 

Although  a break  is  not  observed  in  curve  a or  c,  the  two  slopes  are  very 
different  from  each  other,  but  are  similar  to  the  two  slopes  of  curve  b. 
It  seems  likely  that  we  have  not  observed  a break  in  the  a and  c curves 
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.001 


Figure  1 


WAVENUMBER (KM“)  ' 

The  shape  of  the  density  spectrum  at  different 
elongations  (arbitrary  vertical  normallaatlon). 
a)  5-15  solar  radii;  b)  15-40  solar  radii;  c)  40-70 
*^*^^^*  60-100  solar  radii;  e)  130-220  solar 


because  the  break  exists  outside  of  the  observed  wavenumber  range.  Table  1 

Indicates  that  there  may  be  an  Increase  in  the  high-wavenumber  <i  as  the 

Sun  is  approached,  but  from  our  limited  data  this  is  not  clearly  proven. 

Figure  2 shows  the  radial  dependence  of  the  wavenumber  of  the  break 

in  the  spectral  index.  The  arrows  indicate  upper  or  lower  limits  on 

the  wavenumber  of  the  break.  If  the  wavenumber  of  the  break  is  assumed 

to  have  a simple  power  law  dependence  on  radial  distance,  the  fit  to  the 

-1  2 

data  gives  a break  wavenumber  proportional  to  r * . 

Estimates  of  the  structure  function  at  different  solar  distances 
made  by  Coles  (1978)  are  shown  in  Figure  3.  The  apparent  transverse 
structure  function  is  related  to  the  three  dimensional  density  spectrum, 
M3^,  by 

D(s)  «/(l  - cos  (k.s))  (k^, 

Comparison  of  our  spectral  estimate  at  30  solar  radii  with  the  structure 

function  estimate  in  Figure  3 are  in  excellent  agreement.  The  radial 

dependence  of  the  break  Inferred  from  the  structure  function  yields  a 

-0  5 

spectral  bi^eak  with  a radial  dependence  of  approximately  r * . Although 

there  is  some  difference  between  this  value  and  the  radial  dependence  of 
—1  2 

r ’ Inferred  from  Figure  2,  the  general  concept  of  a break  in  the 
Irregularity  spectrum  that  moves  to  lower  wavenumber  with  Increasing 
heliographic  distance  is  now  well  established.  This  well  defined  break 
indicates  plasma  processes  in  the  wavenumber  range  0.01  to  0.4  km 

Our  second  result  concerns  the  radial  dependence  of  the  fractional 
random  velocity  component.  The  diffraction  pattern  observed  by  inter- 
planetary scintillations  not  only  drifts  across  the  Earth,  but  rearranges 
itself  over  time.  This  temporal  evolution  of  the  pattern  manifests  itself 
in  a skewness  of  the  observed  temporal  cross  correlation  of  Intensity  at 
two  spaced  receivers.  We  have  interpreted  this  observed  skewness  as 
being  the  result  of  the  pattern  being  convected  with  a probability 
distribution  of  velocities.  This  distribution  is  represented  by  an  rms 
or  "random"  velocity,  and  a mean  or  drift  velocity.  Figure  4 shows  the 
radial  dependence  of  the  fractional  random  velocity  ((^^/v)  obtained  from 
weak  scattering  observations.  The  data  have  been  limited  to  weak 
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A OP.C.  prob.  melon  « rout,  to  . do.,  encounter  with  the  Sun 
^ potentlelly  obfln  further  Infornetlon  on  both  the  evolution  of  the 
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PLASMA  DENSITY  MAPPING  IN  THE  SOLAR  WIND  THROUGH 
USE  OF  VHP  RADIO  TO  MEASURE  ELECTRON  CONTENT 


Thomas  A.  Croft 

SRI  International 
Menlo  Park,  CA  94025 

ABSTRACT 

We  describe  how  the  electron  content  between  the  Solar  Probe  and 
the  Earth  can  be  observed  with  a minimum  of  equipment  and  give  a quanti- 
tative rationale  for  the  use  of  a signal  near  400  MHz  to  supplement  the 
telecommunications  signal,  nie  emphasis  Is  on  the  method  of  making 
content  observations  and  on  their  value.  Other  Investigators  are  expected 
to  place  Instruments  on  the  probe  for  In-sltu  plasma  and  magnetic  field 
measurements. 

While  far  from  the  Sun,  during  the  cruise  phase  which  forms  the 
bulk  of  the  mission  duration,  the  electron  content  Is  so  low  that  the 
S-X  dual-frequency  system  Is  Insufficiently  sensitive  and  a UHF  system 
Is  optimum.  As  the  probe  approaches  the  Sun,  the  UHF  may  be  disrupted 
by  scintillation  and  the  variations  of  the  telecommunications  signal  must 
be  used  for  the  content  measurement.  By  operating  the  suggested  system 
in  different  modes  as  the  solar  distance  changes,  we  will  la  able  to 
operate  during  the  entire  mission. 


INTRODUCTION 


The  plasna  densities  of  the  solai:  wind  and  corona  have  been  measured 
near  the  Sun  by  coronagraphs  and  far  from  the  Sun  by  In-aitu  spacecraft • 
but  the  Intermediate  distances  (which  will  be  traversed  by  the  Solar 
Probe)  are  comparatively  sparsely  measured.  Yet  these  Intermediate 
distances  are  a transition  region  In  the  macroscopic  flow  where  control 
by  the  magnetic  field  gives  way  to  control  by  dynamic  forces.  It  will 
be  productive  to  observe  the  flow  patterns  through  on~board  measurement 
of  plasma  density  and  velocity  (as  a minimum)  coupled  with  measurement  of 
probe-to~Earth  electron  content  by  radio  methods.  The  correlative  analysis 
of  such  a body  of  data  will  reveal  the  flow  parameters  both  at  the  space'* 
craft  and  In  the  vicinity  where  the  radio  path  Is  nearest  the  Sun. 

When  a radio  signal  travels  through  a plasma.  Its  speed  Is  reduced 
by  a small  amount  that  Is  proportional  to  the  number  density  of  the  free 
electrons.  It  Is  feasible  to  measure  the  total  added  time  required  for 
a signal  to  transit  from  a spacecraft  to  Earth  and  thus  to  determine  the 
total  number  of  electrons  along  the  path.  This  Is  often  visualized  as 
the  total  electron  content  (TEC)  of  a unit  area  cylinder  extending  from 
the  transmitter  to  the  receiver. 

During  the  Solar  Probe  mission  there  are  numerous  opportunities  to 
use  TEC  measurements  to  determine  the  density  distribution  of  the  solar 
wind  and  corona.  From  experience  with  other  spacecraft  tumder  similar 
circumstances.  It  is  clear  that  TEC  measurements  are  useful  primarily  as 
one  element  in  a correlative  data  set  that  Includes  the  on-board  measure- 
ment of  local  plasma  density  and  velocity  at  the  probe. 

We  therefore  suggest  that  the  Solar  Probe  should  carry  both  instru- 
ments for  measuring  the  plasma  density  and  its  velocity  and  the  radio 
equipment  necessary  for  determining  electron  content.  Since  the  tentative 
plans  for  this  probe  already  Include  an  S-X  system,  it  might  seem  that  the 
suggested  TEC  Instrumentation  Is  included.  Ho%fever,  a much  lovr.r  frequency 
Is  needed  for  the  Solar  Probe  mission  because  an  S-X  system  Is  relatively 
Insensitive  to  plesma. 


THEORY  OF  ELECTRON  CONTENT  MEASUREMENT 


The  equations  that  relate  radio  delay  to  electron  content  along 
a radio  path  ore  very  simple  because  we  may  neglect  magnetic  and 
collision  terms  In  the  Appleton-Hartree  formula.  The  symbols  used  in 
the  equations  are  as  follows: 

T ■ time 
S ■ distance 
s ■ distance  increment 
V ■ velocity 
M “ refractive  index 
C • speed  of  light 
N ■ electron  concentration 
I ■ electron  content  ■ ^Nds 
F ■ radio  frequency 


Subscripts  are  as  follows: 


G ■ group 
p > phase 

H <■  the  higher  of  two  frequencies 
L * the  lower  of  two  frequencies 


In  a plasma,  the  refractive  Index  Is  y,  where 

2 , 80. 6N  ... 

M ■>  1 5 — (SI  units). 


but  at  SO  MHz  and  higher  In  the  magnetosphere  or  the  solar  wind. 
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The  group  and  phase  delays  are  given  by 
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We  may  multiply  by  C to  get  meters;  or  we  may  multiply  by  F to  get 
wavelengths.  For  F^^  ■ 400  MHa,  F^j  - 2300  MHk,  and  an  electron  content 
of  10  /m  . these  parameters  are  8.13  ns,  2.44  ra,  and  3.26  wavelengths 
at  Fj^.  For  the  S-X  system  these  numbers  are  much  smaller:  0.23  ns,  0.07  m, 

and  0.54  wavelengths. 

BRIEF  BACKGROUND 

Past  Dual-Frequency  Experiments  (Pioneers  6-9  and  Mariner  5) 

Beginning  with  the  launch  of  Pioneer  6 In  December,  1965,  a fairly 
continuous  program  of  electron  content  measurement  was  undertaken  using 
50-  and  423-MHz  signals  sent  uplink  to  a series  of  five  spacecraft. 

Pioneers  6,  8 and  9 still  work  well,  but  the  ground  transmitter  Is 
silenced.  On  all  these  spacecraft,  the  hardware,  software,  data  processing, 
and  analysis  were  in  the  hands  of  Stanford  University  and  the  Stanford 
Research  Institute  (now  SRI  International)  forming  a cooperative  "Center 
for  Radar  Astronomy"  (Eshleman  et  al,,  1966).  The  receiver  system  placed 
aboard  the  spacecraft  was  designed  and  built  by  the  Stanford  Research 
Institute.  The  receiving  and  the  on-board  data  processing  systems  survived 
well  beyond  the  design  lifetime.  The  flight  hardware  that  might  be  used  on 
the  Solar  Probe  could  be  a direct  outgrowth  of  that  dual-frequency  receiver 
system.  The  major  change  would  be  the  elimination  of  one  of  the  two 
receivers  and  an  Increase  In  the  modulation  frequency.  The  timing  function 
performed  by  the  higher  of  the  two  frequencies  can  Instead  be  provided  by 
precision  oscillators  maintained  In  a known  time  reference  relative  to 
DSN  masers.  In  this  manner,  the  uplink  command  signal  could  replace  the 
that  SRI  used  to  send  to  the  Pioneer  spacecraft. 

Present  Dual-Frequency  Experiment  (S-X) 

When  the  Deep  Space  Net  (DSN)  Increased  its  radio  frequency  for 
tracking  and  telemetry  functions,  the  higher  frequency  was  introduced 
during  an  Interval  when  both  the  old  and  new  frequencies  operated  on  the 
same  spacecraft.  During  this  transition  period,  it  seemed  logical  to 
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capitalize  on  the  availability  of  the  DSN  dual-frequency  capability  to 
perform  the  aclentlflc  roeaaurementa,  without  any  need  for  the  aclentlats 
to  supply  a signal.  In  this  manner,  the  pre^^'  at  S-X  dual-frequency 
experiment  has  come  Into  being.  During  the  lii70s,  radio-science  measure- 
ments aboard  spacecraft  have  ceased  to  be  treated  as  ''experiments'*  In 
the  usual  sense  because  no  hardware  has  been  supplied  by  the  scientist 
for  Installation  on  the  spacecraft. 

Strengths  and  Weaknesses  of  the  Past  and  Present  Systems 

The  older  system  was  very  sensitive  to  plasma  so  that  small  percentage 
variations  could  be  measured  In  the  solar  wind.  In  fact  the  main  limj‘...tlon 
on  the  accuracy  of  derived  results  was  the  Imperfection  of  our  knowled;^ 
of  the  electron  content  of  the  Earth's  ionosphere,  a quantity  that  must  be 
subtracted  from  the  TEC  before  the  Interplanetary  content  can  be  derived. 

The  greatest  weakness  In  the  system,  however,  was  the  existence  of  only  a 
single  ground  transmitter,  resulting  In  Intermittent  data  during  each  day. 
This  weakness  will  probably  not  be  overcome  so  long  as  It  is  necessary  for 
one  transmitter,  supplied  by  the  scientific  team,  to  send  two  signals 
simultaneously.  We  have  therefore  devised  a method  which  uses  a precision 
oscillator  Instead  of  a second  signal,  so  that  a single-frequency  ^rans- 
mltter  could  serve  the  spacecraft.  In  this  manner,  the  Intermittent 
character  of  the  data  can  be  avoided  because  It  Is  feasible  to  use  other 
existing  transmitters  at  other  longitudes. 

The  present  system  suffers  mainly  from  the  fact  that  there  Is  so  little 

time  delay  difference  due  to  the  plasma  along  the  path — only  0.23  ns  for 
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a TEC  of  1C  /m  . The  experience  with  operation  of  this  system  on  Viking 

and  Voyager  Indicates  that  system  uncertainties  In  determining  the  group 

delay  difference  between  the  S-  and  the  X-band  frequencies  are  not  likely 

to  be  much  less  than  10  ns,  from  which  we  obtain  a TEC  error  of  some 
16  2 

40  X 10  /m  . For  the  Viking  solar  corona  experiment,  the  standard  error 
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In  the  measurements  was  found  to  be  about  70  x 10  /m  (Tyler  et  al. , 1977) . 
To  demonstrate  why  this  Is  a serious  problem  for  the  Solar  Probe,  we 
examine  the  magnitude  of  the  electron  content  that  will  be  encountered 
during  the  mission. 
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TYPICAL  VALUES  OF  TEC  (AVERAGE  SOLAR  WIND  DENSITY) 

We  assume  that  electron  density  varies  with  the  Inverse  square  of 
heliocentric  distance  and  that  It  has  a value  of  7.6  electrons/cm^  at 
the  orbit  of  Earth.  These  two  assumptions  establish  the  density  of 
the  solar  wind  everywhere  near  the  ecliptic  plane.  Using  this  model 
of  the  solar  wlnd»  we  have  determined  the  contours  of  constant  TEC. 

The  result  is  plotted  in  Figure  1,  on  which  we  overlaid  the  orbits  of 
Jupiter  and  the  Inner  planets.  In  this  drawing,  the  Sun  and  Earth  are 
stationary  and  the  other  planets  move  in  their  orbits.  The  electron 
content  between  any  point  and  Earth  is  the  value  indicated  by  the  contour 
intervals.  For  example,  the  content  between  Earth  and  the  location  where 
the  Mars  symbol  is  drawn  would  be  about  300  x 10^ ^/m^. 

We  have  translated  the  proposed  trajectory  of  the  Solar  Probe  into 
the  coordinates  of  Figure  1.  The  probe  first  moves  along  large 
spirals  to  the  right,  reaching  Jupiter  at  about  the  point  where  the 
Jupiter  symbol  is  drawn  on  this  figure.  After  that,  the  spirals  continue 
clockwise,  but  they  become  smaller  until  at  last  the  probe  dives  toward 
the  Sun.  There  are  a total  of  three  turns  along  the  spiral  and,  as  a 
result,  there  are  three  passages  through  superior  conjunction.  The  first 
of  these  occurs  on  (approximately)  day  300  when  the  spacecraft  is  close 
to  the  ecliptic  plane.  The  second  occurs  on^day  690  when  the  spacecraft 
is  somewhat  to  the  north,  having  recently  passed  by  Jupiter.  The  third 
conjunction  occurs  on  day  1060  when  the  spacecraft  will  be  well  to  the 
north  of  the  Sun  as  seen  from  Earth. 

From  this  exercise  we  find  that  the  TEC  throughout  the  3 years 
prior  to  passage  by  the  Sun  will  be  less  than  200  x 10^^/m^  more  than  a 
half  of  the  time  and  less  than  500  x 10^^/m^  about  90  percent  of  the 
time.  It  is  only  during  the  first  superior  conjunction  that  the  electron 
content  is  expected  to  rise  to  much  more  than  1000  x 10^^/m^. 

With  an  error  of  40  (and  perhaps  70)  x 10^^/m^,  the  measurement  of 
electron  content  history  with  the  S-X  dual** frequency  system  would  do 
little  more  than  verify  that  the  solar  wind  exists;  it  would  not  be 
sufficiently  accurate  to  detect  the  small  variations  that  provide  the 
scientifically  significant  data. 


.ORBIT  OF  JUPITER 


FIGURE  1 CHART  OF  THE  SOLAR  SYSTEM  SHOWING  THE  AVERAGE  ELECTRON 
CONTENT  OF  THE  SOLAR  WIND  BETWEEN  EARTH  AND  ANY  POINT 
NEAR  THE  ECLIPTIC.  For  example,  if  conlent  Is  measured  from  earth  to 
a spacecraft  located  alon^  the  line  labeled  "200,”  that  content  would  fluctuate 
about  an  average  value  of  approximately  200  x 10^®  el/m^. 


TL.  USE  OF  UHP  OR  VHP 

The  obvious  way  to  Improve  sensitivity  is  to  reduce  the  frequency, 
as  Indicated  by  the  sensitivity  curves  shown  in  Figure  2. 

The  extreme  sensitivity  of  the  older  dual'^frequency  experiments 

was  due  to  the  fact  that  F.  was  only  SO  MHz  and  the  system  was  readily 
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capable  of  measuring  an  electron  content  1 x 10  /m.  For  the  Solar 
Probe  these  low  frequencies  would  be  disrupted  while  the  probe  is  in 
the  vicinity  of  the  Sun  during  the  prime  portion  of  the  mission.  The 
optimum  frequency  for  a Solar  Probe  would  be  near  400  MHz,  with  the  exact 
frequency  to  be  determined  from  a careful  optimization  study. 

IMPACT  ON  SPACECRAFT  DESIGN 

lliere  are  several  ways  in  which  a VHF  or  UHF  link  could  be  lnq>lemented 
on  a Solar  Probe.  We  have  performed  a preliminary  design  study  of  the 
appraoch  previously  mentioned  wherein  a precision  oscillator  serves  in 
place  of  the  second  signal.  In  this  mode  of  operation,  the  radio  science 
measurement  aboard  a spacecraft  resumes  its  role  as  a typical  "experiment" 
in  the  sense  that  the  scientists  supply  a module  for  installation  aboard 
the  spacecraft.  The  main  parameters  of  one  module  design  are  summarized 
in  Table  1 for  a fairly  typical  Instrument  consisting  of  a receiver  and 
its  associated  data  processing  system  with  modest  telemetry  requirements. 
'Hiese  weight,  volume,  power,  and  telemetry  estimates  are  likely  to  be 
valid  for  any  similar  Instrument  which  operates  in  an  upllng  mode. 

THE  ION  DRIVE  OPTION 

The  implementation  of  ion  drive  might  change  the  picture  considerably. 
During  a preceding  study,  we  evaluated  the  potential  for  a downlink  UHF 
signal  from  the  spacecraft  which  uses  the  large  power-generation  capability 
needed  for  ion  drive.  During  those  times  when  the  ion  drive  is  not  on,  a 
powerful  downlink  signal  might  be  generated  with  a reasonable  amount  of 
hardware,  because  the  power  could  be  used  more  wastefully  than  is  typically 
the  case.  Although  I do  not  wish  to  pursue  this  subject  further  here,  I 
only  state  that  if  ion  drive  does  become  a serious  contender  for  this 
mission,  a downlink  UHF  signal  should  be  considered  because  it  offers  a 
number  of  somewhat  unexpected  and  valuable  benefits. 
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FIGURE  2 THE  DELAY  DIFFERENCE  FOR  TWO  SIGNALS  SENT  THROUGH  A REGION 
IN  WHICH  THE  TEC  IS  EXPRESSED  THREE  WAYS  AS  A TIME 

DELAY.  T;  AS  A SEPARATION  DISTANCE.  L.  AND  AS  A SEPARAT.ON 
DISTANCE  MEASURED  IN  WAVELENGTHS  AT  THE  LOWER  FREQUENCY 
(useful  in  Doppler  calculation) 


Table  I 


ONE  REPRESENTATIVE  DESIGN  OF  A RECEIVER  SYSTEM 
CAPABLE  OF  MEASURING  TEC 


Pa  Parameter 

Value 

Weight 

<4  lb  (1.8  kg) 

Volume 

iS2l6  Inch^ 

Dimensions 

«:6  by  6 by  6 Inches 

Power  required 

<1.5  watts  continuous,  when  on 

Data  rate 

Four  8-blt  data  words  each  minute 
Three  8»blt  housekeeping  words  each 
minute 

Input  signals 

UHF  radio  signal;  VCO  voltage  and  modu* 
latlon  signal  from  S>band  receiver;  digi- 
tal data  control  pulses;  calibration 
signals 

Output  signals 

Differential  Doppler;  modulation  phase, 
UHF  signal  strength;  S-band  signal 
strength,  three  housekeeping  signals 

Command 

On-off 

EMI  Constraints 

UHF  interference  «-lA5  dBm 

' 

SCIENTIFIC  VALUE  OF  THE  TEC  MEASUREMENT 

The  value  of  total  electron  content  measurements  arises  in  several 
different  regimes: 

(1)  During  passage  through  the  magnetosphere  of  Juplter»  TEC  measurements 
offer  an  avenue  for  studying  the  plasma  distribution,  not  Just  the 
density  at  the  spacecraft. 
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(2)  During  the  passage  by  the  Sun»  the  electron  content  can  be  derived 
from  the  Doppler  variations  of  the  telecommunication  signal  Inter- 
polated between  the  content  as  measured  before  and  after  this  event 
using  the  dual-frequency  system.  It  Is  possible  that  the  UHF  uplink 
system  would  continue  to  work  during  the  solar  passage  because  of 
the  fortunate  choice  of  a trajectory  that  Is  on  the  near  side  of  the 
Sun. 

(3)  During  the  bulk  of  the  cruise  of  the  Solar  Probe,  this  Instrument 
(coupled  with  plasma  density  and  velocity  measurements  made  on-board) 
will  provide  excellent  diagnostic  Information  concerning  the  solar 
wind  flow  regimes. 

(4)  During  the  solar  conjunctions,  and  particularly  during  the  second  and 
third  conjunction  when  the  spacecraft  Is  at  northerly  latitudes,  the 
electron  content  can  be  Interpreted  to  Infer  the  plasma  density 
profiles  over  the  north  pole  of  the  Sun.  Each  nmr  measurement  of 
these  profiles  will  be  of  unique  value  because  the  profiles  change 
continuously  from  day  to  day  and  through  the  solar  cycle. 
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WHAT  IS  THE  PATE  OP  lOTBRHiANETABY  DUST? 

Martha  S.  Hatmer 
Jet  Rropulalon  Laboratory 


The  Solar  Probe  vill  provide  a unique  opportunity  to  observe 
the  evolution  of  dust  particles  near  the  sun. 

^ee  investigations  in  recent  years  have  led  to  the  following 

general  picture  of  the  interplanetary  dusti 

distributiont  The  size  distribution  near  1 AU  has  been  derived 
from  microcraters  on  lunar  rock  samples  between  10  ^ and  10  gml).»2,3] 

A bimodal  distribution  is  evident,  suggesting  that  the  particles  smaller 
10**^  gm  represent  a separate  component.  The  mass  concentration  has 
a maximum  near  lO'^  gm  [43.  Based  on  this  size  distribution,  the  scattered 
sunlight  observed  as  zodiacal  light  originates  mainly  from  particles  in 
the  range  lO"^  to  10  gm  [5»63  . 

3pat1«>T  distribution  t The  zodiacal  light  photcaaeters  on  Helios  1 and 
2 recorded  a brightness  gradient  corresponding  to  a radial  distribution  of 
the  dust,  n(r)  .c.  r"'"  , V = 1.310.1,  valid  from  0.1  to  1 ATJ  [7,8]  . 

No  evidence  for  a dust-free  zone  was  found,  to  a limiting  solar  distance 
of  19  solar  radii  [8l.  The  direct  dust  detector  carried  on  Helios  generally 
confirms  this  radial  gradient  [9^  . The  zodiacal  light  fflcperiment  on 
Pioneers  10  and  11  derived  a radial  gradient  = 1.5  ± 0*5  frcm.  1 to  3 ATJ 
[lo]  . On  the  other  hand,  a radial  distribution  increasing  ou^ard  from 
0.7  to  2.5  AU  was  derived  for  radio  meteors,  mass  lo’^  to  10  gm  [11]  . 
The  half -width  of  the  dust  cloud  perpendicular  to  the  ecliptic  is  a few 
tenths  AU.  The  off-ecliptic  dust  distribution  will  be  mapped  from  the 
Solar  Polar  mission  [12  3 . 

Composition t Interplanetary  dust  samples  have  been  collected  in  the 
earth's  stratosphere  and  analyzed  [13l.  Their  composition  indicates 
primitive  solar  system  material,  generally  similar  in  elemental  abundances 
to  carbonaceous  chondrites,  although  more  ponous,  fine-grained,  and  complex 
in  structure  than  the  meteorites.  Basic  grain  size  within  the  particles 
is  O.l^m  or  smaller.  The  polarization  of  the  zodiacal  light  can  be  approx- 
imated by  fluffy,  absorbing  particles  [l4]  consistent  with  the  appearance 
of  the  collected  samples# 
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Dynamics:  Impact  detectors  on  Pioneers  8 and  9*  in  solar  orbit 

between  ">.75  and  1,09  AU,  detected  two  dust  populations  (15)  . Particles 
-12 

with  mass  a 10  gm  were  generally  in  direct  Keplerian  orbit,  with  low 

velocities  »«1")  km/sec  relative  to  the  detectors.  Small  particles,  called 

-12 

|3  meteoroids,  with  m < 10  gm,  were  observed  moving  outward  from  the 
solar  direction  with  velocities  50  - 100  km/sec.  These  two  components 
have  been  confirmed  by  the  Helios  dust  detectors  | 9)  ®nd  support  the 
bimodal  flux  curve  derived  from  thd  lunar  microcraters. 

Origin:  Whipple  l^ns  estimated  that  an  average  production  rate 

on  the  order  of  10  tons/sec  is  needed  in  order  to  maintain  the  interplan* 
etary  dust  cloud.  Dohnanyi  [l?]  has  concluded  that  asteroidal  debris  is 
not  a ma^or  source.  Comets  represent  the  most  probable  origin  of  the  dust  [i6, 
l8»  19)*  A few  orbits  of  impacting  dust  particles  have  been  directly 
associated  with  comets  [20^  . One  particle  detected  by  Pioneer  9 was 
identified  as  interstellar  [2l3  . However,  present-day  ccaaets  are  not  an 
adequate  soirrce;  much  of  the  dust  released  by  comets  does  not  remain 
gravitationally  bound  to  the  solar  system  [22,23,24]  . It  seems  that 
either  an  unusually  large,  bright  comet  is  captured  every  HLO^  years 
(perhaps  Encke?)  or  more  dtist  is  emitted  frcan  long-period  comets  in  the 
form  of  large  particles  in  bound  orbits  than  now  estimated  [l6,l8,2^ . 

The  interplanetary  dust  cloud  may  indeed  be  variable,  with  the  present 
epoch  representing  a high  density. 


The  Solar  I^obe  mission  provides  a unique  opportunity  to  study  the 
evolution  of  the  interplanetazy  dust  and  its  eventual  destruction  near 
the  sun.  Understanding  the  solar  Interaction  with  the  dust  has  indi- 
cations beyond  the  solar  system  in  understanding  the  evolution  of  circum- 
stellar  dust. 

Dust  particles  in  the  inner  solar  system  have  short  lifetimes  in 
cosmic  terms.  A dust  grain  of  a few  microns  radius  will  spiral  inward 
from  1 AU  to  the  sun  under  the  influence  of  Poynting-Robertson  drag  in 
about  10^  years  [29,16]  . Near  the  sun,  two  destructive  processes  become 
Important.  Collisions  may  fragment  the  grains  into  submicron  cooqponents 


which  cftn  be  blown  out  of  the  solei*  syeten*  The  greine  which  survive 
collisions  will  vaporize  near  the  sun.  The  relative  importance  of 
these  two  processes  is  not  yet  clearly  established,  nor  is  the  role 
of  electx^agnetic  forces  well  understood* 

Zook  and  Berg  have  computed  the  rate  of  coUlslonal  breakup  of 
micrometeoroids  [27]  . The  coUlslonal  rate  will  be  proportional  to 
the  square  of  the  nunber  density  and  the  average  liiqpacting  velocity, 

C*  « n^v 

If  n(r)  oe  r"^*^,  as  observed  from  Helios,  and  v « then 

C’  « j*“3»l 

The  nunber  of  collisions  in  a spherical  shell  of  radius  r,  thickness 
dr,  will  be 

C dr 

There  is  evidence  that  n(r)  « r"^*^  extends  well  within  0.1  AU  [8  ]. 
Thus,  most  collisions  will  take  place  at  small  solar  distances,  inside 
0.3  AU,  the  limit  directly  observable  by  the  dust  detector  on  Helios. 

One  must  then  ask  whether  the  collisions  will  result  in  particle 
breakup.  Zook  and  Berg  conclude  that  if  log  (MA^^)-'3,  where  is 
the  minimum  mass  of  a colliding  particle  which  can  fragment  a particle 
of  mass  M,  most  particles  of  mass  » 10“^  gm  will  be  fragmented  between 
1 AU  and  0.1  AU.  Even  if  log(M/M^^^^)  is  ^2,  the  probability  of  frag- 
mentation is  ^0.5  for  these  larger  particles.  The  submicron  particle 
fragments  will  be  rapidly  blown  outward  by  radiation  pressure.  Zook 
and  Berg  conclude  that  coUisional  fragmentation  is  sufficient  to 
account  for  the  flux  of  beta  meteoroids  observed  by  Pioneers  8 and  9. 
Their  conclusion  is  independently  supported  by  Dohnanyi  C28  ] . 

Evidence  that  dust  grains  are  being  vaporized  close  to  the  sun 
comes  from  infrared  observations  of  the  corona.  Eclipse  observations 
in  November  1966  by  MacQueen  [29]  at  2.2yu  and  Peterson  [soj  at 
2.2^  and  3*5^  show  a prominent  emission  peak  near  4 R and  a 
shallower  one  at  3.3  - 3.5  R^  s\;®erijnposed  on  a smooth  brightness 
variation  with  solar  distance.  The  4 R^  peak  at  2.2^  was  subsequently 


oonftmed  from  balloon  obaenratlona  and  nw  paaka  dateoted  at  8,7 
^ 9.2  [29]  , tana  at  al  [32]  Identlflad  paaka  at  4 R and 

.4  R,  in  the  10y(*  band  during  the  ouna  1973  eollpae.  lutera^n  [31] 
derived  a grain  tanperatnre  of  2160  i 200  k for  che  peak  at  4 R 
^ obaarvatlona  at  0.84/.,  1.57^,  2.33^ 

97  eollpae.  This  high  temperature  would  Indicate  a refractory 
material  auch  as  graphite,  rather  than  a silicate  material.  How- 
ever, spectral  scans  by  Lana  at  al.  [32]  .eross  the  10 as  baud 
gave  a peak  at  9.5/.,  corresponding  to  silicate,  and  a minimum 

near  10.8/t,  which  would  Indicate  a lack  of  opaque  material  such 
as  graphite. 


TO  interpret  these  observations,  one  must  consider  not  only 
the  grain  temperature  and  sublimation  rate  as  a function  of  solar 
distance  and  grain  composition,  but  Uso  the  forces  affecting  the 
particle  motion,  which  are  a function  of  particle  else  and  com- 
position [33-38].  It  is  convenient  to  define  g,  the  ratio  of 
the  radiation  pressure  force  to  the  gravitational  force,  since 
oth  vary  Inversely  with  the  square  of  solar  distance 


a - ^ f«d  _ 3 1 /*“ 

F grav  TfJ  S I » 

where  *0  " ^ V efficiency  factor  for  radiation  pressure 

seated  by  Me  theory  as  a function  of  refractive  index  m.  particle 
radius  a,  and  wavelength  X,  and  TJX)  is  the  monochromatic  solar 
lux.  Thus,  g varies  Inversely  with  particle  radius  and  density 
P,  modified  by  the  variation  In  with  particle  else.  Tor 
particles  of  micron  size  and  larger,  g Is  negligible.  It  reaches 
a maximum  near  a = 0.2/,m,  for  both  absorbing  and  dielectric 

^ ^ "“Snetlte  (i.e.  for  ab- 

sorbi^  maurials)  and  0.4  < ,^^  < 1 for  silicate.  (oUvlne. 

r!ir’e  ^ “•"/*>  • »«««“ 

rapidly,  hoover  for  small  magnetite  grains.  , remain,  larger  than 
. [ ].  In  principle,  it  is  not  necessary  to  have  g > 1 for  a 

^rtlcle  to  leave  the  solar  system,  but  only  necessary  that  the 
total  energy  of  the  particle  be  positive,  or  g > 0.5  [27]. 


The  fate  of  a grain  (expulsion  versus  complete  vaporization) 
will  depend  on  its  rate  of  svitlination  compared  to  the  rate  of 
change  of  orbital  parameters.  For  example,  Lamy  predicts  that  iron 
particles  would  only  reach  24  then  would  spiral  rapidly  outward 
whereas  obsidian  grains  would  penetrate  to  2-3  and  vaporize  com- 
pletely r341.  The  relative  dwell  time  of  the  grains  at  different 
solar  distances  will  be  reflected  in  the  relative  concentration, 
which  can  bo  measured  from  the  solar  probe.  Lamy  predicts  that 
grains  with  a < 0.2yum  do  not  have  a significant  concentration  in  the 
inner  corona,  a prediction  which  can  be  verified  from  the  solar  probe. 
When  one  condiders  that  actual  grains  have  a complex  mineralogy,  com- 
pared to  the  simple  homogeneous  spheres  treated  theoretically,  it  is 
clear  that  their  evolution  near  the  sun  is  not  simple  to  predict. 

For  example,  the  addition  of  a few  per  cent  free  carbon  to  silicate 
material  (similar  to  collected  dust  samples)  drastically  lowers  the 
visible  albedo,  increaslr^  the  absorption  of  solar  radiation  [39*1. 

The  fundamental  measurements  necessary  to  characterize  the  frag- 
mentation and  vaporization  processes  are  the  mass  and  velocity  dis- 
tributions of  the  particles  as  a function  of  heliocentric  distance. 

The  type  of  impact  ionization  detectors  already  flown  on  HEOS  and 
Helios  and  planned  for  the  Galileo  and  Solar  Polar  missions  can  be 
adapted  for  the  solar  probe  [4o].  The  instrument  measures  the  plasma 
generated  by  an  impacting  dust  particle.  Prom  the  pulse  height  and 
rise  time  of  the  signal,  particle  mass  and  velocity  can  be  determined. 
Sensitivity  is  sufficient  to  detect  sub-micron  particles.  In  the 
Helios  instrument,  time-of-f light  spectrum  of  the  positive  ions  was 
also  measured,  to  determine  composition.'  For  adaptation  to  the  solar 
probe,  calibration  at  higher  velocities  is  required,  improvement  in 
the  accuracy  of  mass  and  velocity  determination  would  also  be  de- 
sirable. In  order  to  observe  the  angular  distribution  of  particle 
velocities,  several  sensors,  moxmted  at  different  orientations,  are 
required. 


The  Impact  detector  will  provide  statistics  on  the  velocity 


distribution  primarily  for  sub-mioron  and  mloron-sizad  particles. 

The  velocity  distribution  of  the  larger  particles  (<^  10^  - 100^ 
range)  can  be  mapped  by  measuring  the  Doppler  shift  of  the  Fraunhofer 
lines  in  the  zodiacal  light.  Such  an  experiment  has  not  yet  been 
flown  < n a space  probe.  A suitable  instrument  for  this  purpose  has 
now  been  developed  [4l];  similar  instruments,  with  sufficient  sen- 
sitivity and  resolution,  are  being  used  in  the  Atmospheric  Explorer 
series.  This  experiment  would  provide  new  information  on  the  average 
velocity  d>.8trlbutlon  as  a function  of  heliocentric  distance  through- 
out the  inner  solar  system. 

More  comprehensive  infrared  observations  of  the  solar  corona 
are  also  needed;  however  these  can  best  be  carried  out  from  earth 
orbit.  Improved  spectral  coverage,  to  derive  the  temperature  of 
the  emitting  grains  as  a function  of  solar  distance  and  to  map  the 
detailed  structure  across  the  silicate  bands  are  particularly  iJiqpor- 
tant.  The  spatial  structure  and  temporal  constancy  of  the  emission 
peaks  also  need  study.  Such  observations  should  be  considered  as 
important  support  for  the  solar  probe  mission. 
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ABSTRACT 

The  SoUr  Probe  will  provide  an  Ideal  platform  from  which  to  study 
, dynamics  of  dust  particles  near  the  Sun  by  measuring  the  detailed  character 
of  the  Fraunhofer  structure  of  the  zodiacal  light*  The  suggested  Instrument 
Is  a wideband  Imaging  Fabry-Perot  Interferometer  with  state-of-the-art 
technology  In  both  the  optics  and  the  detector. 

The  Instrument  would  function  as  a high-resolution  imaging  device 
providing  wavelength  resolution  of  0.03  I over  about  a 20  X range.  It 
would  have  sensitivity  comparable  with  conventional  photometers.  The 
wideband  imaging  capability  would  provide  sky  maps  of  the  zodiacal  light 
on  a despun  spacecraft  without  mechanical  scanning.  The  total  mass  of 
this  Instrument  is  about  4 kg;  power  comsumptlon  is  approximately  4 watts. 
The  sensitivity  is  10  SlO  units • 

The  Solar  Probe  mission  would  allow  the  velocity  distribution  of  the 
dust  to  be  mapped  along  most  of  the  trajectory  of  the  spacecraft. 
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In  the  previous  paper t M*  Banner  preeented  the  ecientlflc  retionele 
for  the  neesurement  of  the  velocity  distribution  of  interplanetary  dust. 

It  is  our  belief  that  such  a neesurement  would  nafce  a valuable  contribution 
to  knowledge  of  the  physics  of  the  aoler  system  by  providli^  direct 
experimental  evidence  of  the  forces  acting  on  the  dust  particles.  Detailed 
information  on  the  velocity  distribution  of  dust  particles  as  a function 
of  position  with  respect  to  the  Sun  is  contained  in  the  Doppler  signature 
of  the  Fraunhofer  profiles  of  sunlight  scattered  from  the  dust  particles. 

The  development  of  an  Instrument  capable  of  measuring  the  detailed  character 
of  the  Fraunhofer  structure  lies  well  within  the  reach  of  modern  optical 
and  detector  technology.  We  discuss  below  the  requirements  that  should 
be  met  in  the  design  of  instrumentation  to  achieve  this  end. 

MEASUREMENTS 

The  measurement  of  the  detailed  spectral  signature  of  the  sodlacal 

-2  3 

light,  which  varies  from  10  to  5 x 10  SIO  units  over  the  mission. 

requires  significantly  greater  sensitivity,  dynamic  range  and  spectral 

resolution  than  has  been  achieved  with  Instrumentation  flown  previously. 

In  the  next  section  we  discuss  techniques  by  which  this  can  be  achieved 

on  the  Solar  Probe.  The  resultant  spectra  must  have  low  noise,  i.e.. 

less  than  O.IZ  of  the  continuum  values.  These  requirements  demand  an 

instrument  of  high  resolution  and  throughput. 

Figure  1 shows  a typical  example  of  Fraunhofer  absorption  lines 

in  the  wavelength  Interval  5000-5020  A.  (Beckers.  Bridges  and  Gilliam. 

1976).  This  spectrum  illustrates  that  the  amplitudes  of  the  deepest 

absorption  feature  are  about  80Z  of  the  average  continuum  value 
-2  “1 

(900  W m )i  ) and  that  the  line  widths  range  typically  from  0.1  to  a 
few  angstroms.  Deep  lines  which  might  be  selected  for  observation  are 
0.2  A broad.  We  expect  Doppler  shifts  in  the  order  of  ± 0.3  i as 
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as  eoaatdsrabU  11ns  brosdsalag  dns  to  vsvlsttons  in  vsloetty  along 
tbs  11ns  ot  sight.  Ws  thsrsfors  sslset  s rssolutlon  of  0*03  - 0.05  X 
iriileh  will  fsellltste  dseonvolutlon  of  tbs  Instruasntsl  and  Dopplsr 
brosdsnlng  offsets. 

INSTRUMENT 

A Wideband  Insglna  Fsbry-Perot  Interfsromotsr 

A Fsbry-Perot  Interferoneter  will  provide  adequate  resolution  and 
througlq>ut  to  meet  the  objectives  discussed  above.  An  instrument  of 
this  type  Is  currently  being  built  at  the  University  of  Michigan  by 
P.  B.  Rays  for  flight  on  the  Dynamics  Explorer  satellites.  This  instru- 
ment was  designed  primarily  to  measure  the  Doppler  shift  and  broadening 
of  airglow  emissions  originating  in  the  Barth's  daytlM  atmosphere. 

The  design  therefore  Incorporates  a large  baffle  system  for  protection 
against  scattered  sunlight.  In  the  case  of  the  Solar  Probe  the  main 
measurements  of  the  mission  would  be  made  with  the  heat  shield  acting 
as  a sunshade.  Therefore,  provided  the  Instrument  is  suitably  located  to 
minimise  stray  light  scattered  off  the  spacecraft  and  associated 
instrumentation,  the  baffle  system  could  be  largely  dispensed  with,  and 
the  field  of  view  of  the  instrument  increased  correspondingly.  The 
advantages  of  enlarging  the  field  of  view  of  the  Pabry-Perot  are  not 
obvious  and  require  some  explanation.  The  main  advantages  of  a large 
field  of  view  would  be  the  elimination  or  reduction  of  mechanical  scanning 
to  acquire  spatial  coverage  and  a great  enhancement  of  the  data 
acquisition  rate.  The  slqr  could  be  Imaged  on  an  area  array  detector. 

In  the  conventional  Fabrv-Perot  mode  of  operation,  a small  field  of 
view  is  used  and  the  spacing  of  the  etalon  plates  is  adjusted  to  scan 
through  the  desired  spectral  feature.  In  an  Imaging  mode  of  operation 
the  variation  In  angle  of  incidence  across  the  field  of  view  provides 
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the  wavelength  scan.  The  technique  requires  the  Isolation  of  a single 
order  of  the  etalon.  Therefore  the  passband  of  the  filter  must  be 
matched  to  that  of  the  etalon  at  all  angles  as  Illustrated  In  Figure  2. 

An  Interferometer  with  these  characteristics  has  been  built  and 
successfully  operated  by  one  of  us  (Eugene  Young)  at  the  University  of 
Washington  In  Seattle.  In  this  mode  of  operation  the  Fabry-Perot 
provides  a wavelength  scan  In  the  radial  direction  across  the  detector 
and  a spatial  scan  In  azimuth.  This  means  that  different  spectral 
features  are  imaged  from  different  parts  of  the  sky.  However,  since 
a Doppler  measurement  can  be  carried  out  on  any  suitable  spectral 
absorption  feature,  the  convolution  of  spatial  and  spectral  information 
does  not  matter.  The  solar  Fraunhofer  absorption  spectrum  Is  rich 
with  features  in  the  vicinity  of  5000  A so  that  at  least  one  line  per 

O 

A may  be  expected,  thus  providing  about  20  or  more  spatial  segments 
for  a field  of  view  of  about  10*.  The  spectrographic  and  spatial 
imaging  capability  would  also  mean  that  all  data  would  be  acquired 
simultaneously  with  significant  enhancement  of  the  data  acquisition 
rate  or  effective  throughput  of  the  Instrument  compared  to  a mechanical 
scanning  device. 

Figure  3 depicts  a three  dimensional  viewing  mode  to  Illustrate 
the  Imaging  concept.  In  this  mode,  the  conical  mirror  gives  a meridional 
scan  while  the  central-axis  hole  provides  a view  perpendicular  to  the 
meridian.  The  Instrument  could  be  oriented  and  baffled  so  that  neither 
of  the  two  fields  of  view  shown  come  within  50*  of  the  Sun.  Thus 
operation  could  be  maintained  even  when  the  heat  shield  Is  oriented 
away  from  the  Sun. 

Figure  4 schematically  Illustrates  the  pattern  projected  on  the 
detector.  A suitable  multiplier  would  be  an  ITT  proximity  focussed 
image  Intenslfler  f Iberoptlcally  coupled  to  several  CCD  area  array  detectors. 


SCH FMATIC  OF  SPATIAL  AND  SPECTRAL 


Fignre  4*  Imaging  on  the  detector. 


A resolution  of  0.05  A,  for  example,  would  be  obtained  using  two 

solid  etalons  In  tandem.  The  use  of  solid  etalons  permits  a large 

finesse  per  etalon  (30  to  AO),  while  a finesse  of  only  26  per  simple 

o o 

etalon  would  yield  a spectral  range  of  20  A at  0.03  A resolution. 

A A-cm  diameter  ITT  tube  coupled  to  a grid  comprising  several  Fairchild 
211  CCD’s  gives  more  than  800  detector  resolution  elements  across  the  20 
Sensitivity 

2 

A field  of  view  of  10®  translates  Into  a throughput  of  about  I cm“ 

ster  which,  for  typical  efficiency  of  the  front-end  optics  amounts  to 

—1  —1  ® 

30  photoelectron  events  s SIO  . For  a bandwidth  of  0.03  A,  the 

sensitivity,  c,  is  1 s”^  S10“^  at  the  photocathode.  These  sensitivities 

are  for  the  total  field  of  view.  If  the  field  of  view  is  divided  Into 

30  spatial  sectors,  for  example,  c Is  reduced  to  0.03  photoelectron 

events  SlO  ^ sector 

Photocathode  darkcount  Is  not  a limiting  factor  when  area  array 
detection  is  used  for  signals  with  spectral  characteristics.  CCD 
darkcount  can  also  be  effectively  eliminated  by  radiative  cooling. 
Dimensions  and  Power 

The  shape  of  the  instrument  Is  depicted  In  Figure  3.  The  Instrument 
is  cylindrical  with  baffles  protruding  at  the  mirror  locations.  Precise 
dimensions  will  depend  on  the  baffling  required  around  the  conical  mirror. 
The  maximum  length  will  be  A5  cm.  Optical  elements  will  be  about  A cm 

3 

In  diameter.  The  volume  of  the  optical  housing  should  not  exceed  7000  cm 

3 

and  the  electronics  housing  2000  cm  . 

Power  consumption  using  1978  components  would  be  6 w.  Projection 
to  1983  using  manufacturer-supplied  trend  curves  Is  3 w. 

Other  Instrument  requirements  are  a temperature  range  for  normal 
operation  of  -30  to  <f60®C,  a telemetry  rate  of  50  blts/s,  and  60,000 
vords  of  memory  storage. 
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GRAVITATIONAL  WAVE  DETECTION  WITH  THE  SOLAR  ?ROBE:  I.  MOTIVATION 

Kip  S.  Thorne  N78-38999 

Calif omU  Institute  of  Technology,  Pasadena 

What  Is  a aravltatlonal  wave?  Just  as  electric  and  nagnetlc  fields  have 
their  wave  aspect  (electrojnagnetic  waves),  so  according  to  general  relativity, 
gravitational  fields  should  have  a wave  aspect  (gravitational  waves).  Gravita- 
tional waves,  like  electromagnetic,  should  propagate  with  the  speed  of  light 
and  should  exert  forces  on  matter  In  a direction  transverse  to  their  propaga- 
tion. Electromagnetic  waves  push  charged  particles  back  and  forth  transversely 
relative  to  uncharged  particles.  Since  gravity  couples  equally  strongly  to 
all  objects,  gravitational  waves  should  push  all  forms  of  matter  back  and 
forth  transversely  with  the  same  acceleration  — in  other  words,  they  should 
push  inertial  frames  back  and  forth.  If  the  amount  of  pushing  were  the  same 
everywhere  in  space,  gravitational  waves  would  be  undetectable  figments  of 
our  mathematics.  But  the  amount  of  pushing  is  predicted  to  differ  from  one 
region  of  space  to  another  — a prediction  which  means  that  (1)  objects  and 
inertial  frames  in  neighboring  regions  of  space  should  be  pushed  back  and 
forth  transversely  relative  to  each  other,  and  (2)  neighboring  inertial  frames 
cannot  mesh  to  form  a single  global  inertial  frame.  In  other  words,  spacetime 
is  curved.  In  this  sense  one  can  say  that  "gravitational  waves  are  a curvature 
of  spacetime  which  propagates  with  the  speed  of  light”. 

Why  is  it  important  to  detect  gravitational  waves?  Obviously,  the  detec- 
tion of  gravitational  waves  would  be  a great  verification  of  the  predictions 
of  relativistic  theories  of  gravity.  Moreover,  once  waves  have  been  detected, 
one  can  test  theories  of  gravity  by  measuring  the  propagation  speed  and  polari- 
ration  properties  of  the  waves.  Such  tests  cut  through  "the  space  of  all 
theories"  in  a direction  roughly  orthogonal  to  other  experiments:  theories 

that  predict  identical  Shapiro  time  delay  and  perihelion  shift  have  very 
different  types  of  gravitational  waves. 

Testing  theories  of  gravity  is  not  the  moat  Important  payoff  of  gravita- 
tional-wave detection.  More  important  is  the  possible  role  of  gravitational 
waves  as  a new  window  onto  the  universe  a tool  for  studying  astrophysical 
phenomena  that  can  be  studied  poorly  or  not  at  all  with  electromagnetic  waves. 

What  astrophysical  information  might  one  learn  from  gravitational  waves? 
Because  matter  is  electrically  neutral  on  macroscopic  scales,  cosmic  electro- 
magnetic waves  are  typically  an  incoherent  superposition  of  emission  from 
huge  numbers  of  individual  electrons.  By  contrast,  the  fact  that  all  objects 
have  positive  mass  prevents  macroscopic  gravitational  shielding,  and  causes 
the  strongest  predicted  gravitational  waves  to  come  from  coherent,  bulk  motions 
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of  huge  congloroerates  of  matter.  The  waves  are  especially  strong  when  the 
velocities  of  the  emitting  matter  arc  near  the  speed  of  light,  r.nd  when  the 
density  Is  so  high  that  Internal  gravity  Is  relativistic.  Moreover  relativis- 
tic gravity  alone.  In  the  form  of  bulk  dynamical  motions  of  curved  empty  space, 
should  generate  strong  waves.  The  prime  example  Is  a collision  be.tween  two 
black  holes. 

Bulk,  high-speed  motions  and  relativistic  gravity  are  central  to  current 
speculations  about  the  energy  sources  of  supernovae  and  about  violent  activity 

3 

In  galactic  nuclei  and  quasars.  The  gravitational  waves  from  such  phenomena 
should  carry  detailed  Information  about  the  bulk  motions  and  gravity  that 
generated  them.  Moreover,  although  the  sources  of  the  gravitational  waves 
will  typically  be  burled  beneath  vast  layers  of  obscuring  matter,  the  waves 
should  emerge  through  that  matter  with  impunity  — no  absorption;  no  scattering; 
no  distortion.  This  contrasts  with  electromagnetic  waves,  which  must  diffuse 
out  through  thick  layers  of  matter,  and  will  lose  most  of  their  Information  as 
they  go.  Thus,  gravitational  waves  are  a promising  probe  of  violent  strong- 
gravity  phenomena  in  the  centers  of  collapsing  stars.  In  quasars,  and  In  galactic 
nuclei  — phenumena  which  can  be  studied  only  poorly,  and  perhaps  not  at  all,  by 
electromagnetic  waves. 

Figure  1 shows  an  example  of  the  information  that  gravitational  waves 

might  carry.  These  are  the  waves  predicted  to  come  from  a collision  between 

two  black  holes.  Plotted  vertically  Is  the  dimensionless  amplitude  of  the  wave  t|> 

— which  Is  equal  t - tn»^  relative  velocity,  and  hence  the  relative  Doppler  shift, 

th.^t  the  waves  would  produce  between  Earth  and  a very  distant  spacecraft.  See 

Estabrook's  lecture,  below.  The  amplitude  t|>,  shown  as  a function  of  time.  Is 

called  the  waveform  of  the  gravitational  waves.  This  waveform  contains  the 

following  Information:  (1)  The  fact  that  the  final  value  of  t|>  differs  from 

the  Initial  value  tells  us  definitively  that  the  source,  initially  or  finally 

or  both,  consisted  of  two  or  more  bodies  moving  at  high  speed  relative  to  each 

other  — in  this  case  two  black  holes  in  the  Initial  state.  (2)  The  details 

of  the  initial  rise  and  peak,  and  the  difference  ilV-.  . “'t'.  . . , carry  infonna- 

^tinaJ  ^initial 

tlon  about  the  Impact  parameter  and  relative  velocity  of  the  collision,  and 

about  the  orientation  of  the  observer  relative  to  the  collision.  (3)  The  damped 

— t/l 

oscillations,  ■■  e slnoit,  are  produced  by  pulsations  of  the  final  coalesced 
black  hole  which  results  from  the  collision.  The  two  parameters  t (damping  time) 
and  0)  (frequency)  are  determined  by  the  mass  M and  angular  momentum  J of  the 
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final  hole.  From  measured  values  of  t and  o)  one  can  hope  to  deduce  M and  J 
— which  Is  valuable  information  since  all  properties  of  the  final  hole  are 
determined  entirely  by  its  mass  and  angular  momentum. 

What  is  the  status  of  attempts  to  detect  gravitational  waves?  The 
search  for  gravitational  waves  was  pioneered  by  Joseph  Weber  at  the  University 
of  Maryland.^  Weber,  and  others  after  him,  used  one-ton  aluminum  bars  as 
antennas  for  kilohertz  gravitational  waves.  Despite  early  hints  of  success, 
it  now  appears  that  such  waves  have  not  been  detected.^  Nevertheless,  pros- 
pects for  success  within  the  next  decade  are  fairly  good.  Spurred  on  by  the 
lure  of  high  payoff,  eight  different  research  groups  in  the  US,  Canada,  Italy, 
Russia,  Japan,  and  Australia  are  now  building  second-generation  bar  antennas 

g 

and  are  designing  the  third  generation. 

Most  prospective  sources  should  produce  waves  at  frequencies  below  one 
kilohertz,  where  bar  antennas  are  less  promising  than  other  detection  techniques. 
For  frequencies  between  one  kilohertz  and  one  hertz,  ground-based  laser-inter- 
ferometer detectors  look  best.  They  are  being  developed  by  Weiss  at  MIT,  Drever 

g 

in  Glasgow,  and  Billing  in  Munich.  Below  one  hertz,  where  the  waves  from 
quasars  and  active  galactic  nuclei  should  lie.  Doppler  tracking  of  spacecraft 
is  the  only  promising  technique  in  the  next  decade.^  Ground-based  detectors 
cannot  operate  below  one  hertz  because  of  seismic  noise. 

Why  is  the  Solar  Probe  a special  mission  for  gravitational-wave  detection? 
Spacecraft  tracking  for  gravitational-wave  detection  is  in  its  extreme  infancy. 

No  serious  efforts  have  been  made  on  past  missions.  The  Galileo  and  Solar  Polar 
Missions  will  be  a modest  and  reasonable  beginning  — if  they  have  X-band  track- 
ing on  the  uplink  as  well  as  down.  However,  their  lack  of  dual  frequency  on 
both  links  will  substantially  impede  the  removal  of  plasma  dispersion  noise. 

The  Solar  Probe  is  the  only  mission  now  planned  or  contemplated  which  is 
likely  to  have  most  of  the  features  required  for  an  optimal  effort  at  gravita- 
tional-wave detection.  These  features  are:  (i)  dual  frequency  tracking  on  all 
links,  (11)  a high-stability  onboard  clock,  which  makes  possible  four  Doppler 
tracking  links  (one-way  up;  one-way  down;  round-trip  up-down;  and  round-trip 
down-up.),  (ill)  a drag-free  capability,  and  (iv)  two  spacecraft,  permitting 
coincidence  experiments.  Of  these  requirements,  the  first  three  will  likely 
be  met;  the  fourth  is  less  likely  but  highly  desirable.  The  need  for  these 
features  will  be  documented  in  the  lectures  that  follow. 


>»3b 


The  advantage  of  the  Solar  Probe  is  that  other,  non-gravltatlonal-wave 
experiments  will  likely  require  the  above  features.  Without  these  features, 
attempts  to  determine  the  solar  quadrupole  moment  and  various  tests  of  general 
relativity  will  likely  be  debilitated.  Moreover,  there  Is  no  evident  conflict 
between  gravitational-wave  detection  and  other  experiments.  Gravitational -wave 
detection  must  be  done  during  the  cruise  phase  of  the  mission,  when  the  space- 
craft is  far  from  the  Earth  and  far  from  the  Sun.  The  other  experiments  will 
be  active  near  Solar  encounter. 

If  an  optimal  effort  at  gravitational -wave  detection  is  not  made  on  the 
Solar  Probe,  it  is  hard  to  imagine  when  another  equally  good  opportunity  will 
come  along. 

How  does  the  Solar  Probe’s  expected  sensitivity  compare  with  the  strenftths 

of  predicted  gravitational  waves?  A reliable  estimate  of  the  Solar-Probe 

sensitivity  has  not  yet  been  made.  Detailed  studies  of  various  noise  sources 

are  much  needed;  see  the  lectures  that  follow.  Rough  estimates  by  Estabrook 

(below)  suggest  that  gravitational -wave  bursts  with  frequencies  .01  S v $ .0001 

and  amplitudes  4'  ^ 10  might  be  detectable.  Integration  into  the  noise  might 
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improve  this  to  4*  ^ 3 x 10  for  continuous-wave  sources. 

These  very  rough  estimates  are  compared,  in  Figure  2,  with  even  cruder 

estimates  of  the  waves  one  might  hope  for  from  collisions  of  black  holes  and 

black-hole  births  in  quasars  and  active  galactic  nuclei  at  the  Hubble  distance.^ 

In  the  .001  - .0001  Hz  band,  where  the  Solar  Probe  might  be  sensitive  enough 

for  detection,  the  black-hole  sources  would  have  masses  ~ 1.  - 10®  M . This  is 

0 

not  unreasonably  large  in  view  of  current  speculations  about  quasars  and  galactic 

nuclei,  and  in  view  of  the  recent  Identif icatlon^^  of  a possible  5 x 10^  M black 

6 

hole  in  the  nucleus  of  the  giant  elliptical  galaxy  M 87.  Estimates  of  the  mean 
time  between  gravitational  wave  bursts  at  Earth  due  to  such  sources  range  from 
one  week  to  300  years  or  more.  Thus,  the  search  for  such  waves  is  a high-risk, 
hlgh-potentlal-payof f enterprise. 

Figure  2 also  shows,  dotted,  the  strengths  of  the  continuous  waves  to  be 

—20 

expected  from  binary  stars  (4i  = 10  at  the  strongest;  far  too  weak  for  detection 
by  Solar  Probe)  and  also  an  upper  limit  on  the  strength  of  any  continuous-wave 
background  from  the  big-bang  or  from  discrete  sources.  This  upper  limit  is  the 
strength  of  waves  whose  energy  density  would  close  the  Universe  and  would  btgin 
to  conflict  with  measurements  of  the  Universal  deceleration  parameter.  Although 
the  Solar-Probe  sensitivity  is  much  better  tlian  this  upper  limit,  and  although 
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Figure  2.  Comparison  of  estimated  Solar-Probe 

sensitivity  with  strengths  of  possible  gravitational- 


wave  sources. 
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It  U not  tnconoelvoble  thot  wave,  naar  thla  nppat  limit  ware  produced  In  the 
bu  bang,  moat  aatropbyslclBt.  would  regard  as  unlikely  any  contlnuoue-wave 
background  atrong  enough  for  the  Solar  Probe  to  detect.  Again  the  eearc 

is  a high-risk  but  high-possible-payoff  enterprise. 

My  own  guess  is  that,  if  the  Solar  Probe  is  optimally  configured  for 
gravitational-wave  detection,  the  probability  of  successful  detection  is 


perhaps  20  per  cent. 

What  will  gravity-wave  searchers  do  after  the  Solar  Prob^?  Whet  er  t e 
Sour  Probe  «.cce«l.  or  fall.,  the  effort  to  us.  .pace  technology  for  d.t«=tlng 
waves  with  v < I Ha  will  continue.  Because  the  risk  of  failure  Is  so  high  at 
the  sensitivities  ♦ ! lo'^'  reasonable  for  Doppler  tracking,  only  If  the  Solar 
Probe  succeeds  will  there  be  a big  push  for  a mission  dedlcat«l  solely  to 
gravity-wave  detection.  If  the  Solar  Probe  fall,  to  detect  any  waves,  the 
push  Initially  will  be  for  further  detection  efforts  that  go  piggyback  on 
other  missions;  and  such  missions  with  reasonable  configurations  for  grav  ta- 

tional-wave  detection  may  be  few  and  far  between.  ^ 

on  the  other  hand,  in  the  more  distant  future  — perhaps  In  the  1990  s 
— It  is  likely  that  laaer-lnterfetometet  detectors  will  be  flown  in  space, 
and  will  achieve  sensitivities  ♦ - lo'^  at  V < I Hr.  Such  sensitivities 
vould  llk.lv  be  good  enough  to  reveal  waves  from  a variety  of  different  sources, 
in  the  meantime.  I think  we  would  be  foolish  to  not  make  optimal  use  of 
an  opportunity  like  the  Solar  Probe  to  search  tor  the  strongest  gravitational 

waves  that  might  be  bathing  the  Earth. 
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[NGR  05-002-256  and  a grant  from  PACE];  and  by  the  Caltech/JPL  President  s Fund. 


REFERENCES 


1.  For  details  of  the  curved-spacetime  mathematical  description  of  gravitational 

waves  see,  e.g.,  chapters  35-37  of  C.W.  Misner,  K.S.  Thorne,  and  J.A.  Wheeler, 
Gravitation  (San  Francisco:  W.H.  Freeman,  1973). 

2.  See,  e.g.,  D.M.  Eardley,  D.L.  Lee,  and  A.P.  Llghtman,  Phys.  Rev.  D.  3308  (1973). 

3.  See,  e.g.,  R.D.  Blandford  and  K.S.  Thorne,  in  Gravitational  Theories  Since 

Einstein,  eds.  S.U.  Hawking  and  W.  Israel  (Cambridge  England:  Cambridge  Univ. 

Press,  1979)  in  press;  also  ref.  4.. 

4.  K.S.  Thorne,  chapter  8 of  Theoretical  Principles  in  Astrophysics  and 
Relativity,  ed.  N.R.  Lebovitz,  W.H.  Reid,  and  P.O.  Vandervoort  (Chicago: 

Univ.  Chicago  Press,  1978). 

5.  M.  Davis,  R.  Rufflni,  and  J.  Tlomno,  Phys.  Rev.  D,  5,  2932  (1972). 

6.  J.  Weber,  Phys.  Rev.,  306  (1960),  and  Phys.  Rev.  Letters,  2^,  1302 

(1969).  M.  Lee,  D.  Gretz,  S.  Steppel,  and  J.  Weber,  Phys.  Rev.  D,  J4,  893 
(1976). 

7.  For  reviews  see,  e.g.  N.  Rosen  and  G.  Shaviv  eds..  General  Relativity  and 

Gravitation:  Proceedings  of  GR7  (Jerusalem:  Keter  Publishing  House,  1975); 

also  V.  De  Sabbata  and  J.  Weber  eds..  Topics  in  Theoretical  and  Experimental 
Gravitation  Physics  (London:  Plenum  Press,  1977);  also  refs.  8. 

8.  For  reviews  of  current  and  future  efforts  see,  e.g.,  J.A.  Tyson  and 

R. P.  Giffard,  Ann.  Rev.  Astron.  Astroph. , 16  (1978),  in  press;  also 

V.B.  Braginsky  and  V.N.  Rudenko,  Physics  Reports,  in  press;  also  D.  Douglass 
and  V.B.  Braginsky,  in  Gravitational  Theories  Since  Einstein,  eds. 

S. W.  Hawking  and  W.  Israel  (Cambridge  England:  Cambridge  Univ.  Press, 

1979)  in  press. 

9.  K.S.  Thorne  and  V.B.  Braginsky,  Astrophys.  J.,  204,  LI  (1976). 

10.  P.J.  Young,  J.A.  Westphal,  J.  Kristian,  C.?.  Wilson,  and  F.P.  Landauer, 
Astrophys.  J. , 221,  721  (1978);  W.L.W.  Sargent,  P.J.  Young,  A.  Boksenberg, 

K.  Shortrldge,  C.R.  Lynds,  and  F.D.A.  Hartwick,  Astrophys.  J. , 221,  731  (1978). 

11.  See,  e.g.,  L.P.  Grlshchuk,  in  Proceedings  of  Eighth  Texas  Symposium  on 
Relativistic  Astrophysics,  Ann.  N.Y.  Acad.  Sci.,  302,  439  (1977). 


»4ll0 


GlAVITATIOm  WAVE  DETBCTIOM  WITH  THE  SOUR  PROBE.  II.  THE  DOPPLER  TRACEINQ  METHOD 
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••  a 

We  briefly  describe  how  gravitational  radiation  affects  Doppler 
tracking,  and  give  the  status  of  our  analyses  of  the  sensitivities  achiev- 
able with  the  HASA-JPL  Deep  Space  Met  (DSN). 

Using  precision  timekeeping,  a Doppler  observation  can  be  thought  of 
as  a series  of  measurements,  either  of  the  phase  <p(t)  of  an  electromagnetic 
wave  train  being  received  from  a spacecraft,  or  of  the  "Instantaneous"  fre- 
quency V ■ ^/2rr  (determined  in  practice  by  counting  phase  over  an  Integration 
time  t),  or  of  the  fractional  frequency  shift  y » * round-trip 

observation,  In  which  the  uplink  signal  Is  coherently  transponded  and  returned 
via  a downlink  to  the  same  ground  station,  the  phase  of  the  received  downlink 
signal  at  any  Instant  t Is  measured  with  respect  to  that  of  the  uplink  signal 
then  being  transmitted.  y(t)  contains  information  about  the  clocks,  the  motions 
of  the  earth  and  transponder,  the  propagation  medium,  and  passing  gravitational 
waves . 

If  the  ground  timing  speeds  up  momentarily,  y will  at  that  instant  be 
observed  to  dip,  while  at  a later  time  2f/c  (the  round-trip- light -t Ime , or 
RTLT,  to  the  spacecraft  and  back)  y will  be  observed  to  Increase  momentarily. 

Thus  for  timekeeping  frequency  noise,  a round-trip  Doppler  measurement  system 
Is  characterized  by  a 2-pulse  response  function  or,  to  be  precise,  an  anticor- 
relation at  the  RTLT.  Tropospheric  fluctuations,  or  motion  of  the  earth  antenna, 
are  also  characterized  by  a 2-pulse  response,  but  for  these  It  is  a correlation 
at  the  RTLT.  Solar  wind  fluctuations  give  correlations  at  Intermediate  periods. 
Quite  different  from  all  of  these  Is  the  response  function  to  a passing  pulse 
of  gravitational  radiation.  It  Is  a three-pulse  response,  with  both  the  spacings 
of  the  pulses  and  their  relative  heights  depending  on  a single  parameter  6.  All 
these  response  functions  are  shown  In  Flgut'e  1. 

Gravitational  radiation  from  distant  sources  has  plane  wave  fronts  and 
two  possible  polarizations,  and  travels  at  the  speed  of  light.  In  Figure  2 a 
pulse  is  shown  passing  by  the  earth,  at  t^,  and  past  the  spacecraft  at  t^  -f 
i/c  cos6.  The  first  event  Is  echoed  back  at  the  earth  at  t^  -f  2 i/c,  the  second 
at  t^  + (1  -t-  cos6)  i/c.  The  spacing  of  the  three  pulses  thus  depends  on  the 
geometry.  The  relative  sizes  of  the  three  pulses  can  be  regarded  as  due  to  a 
superposition  of  buffeting  and  clock-slowing  effects;  In  general  relativity, 
perturbations  of  spacetime  geometry  have  either  the  guise  of  strain,  Ai/i,  or 


of  dimensionless  gravitational  potential,  and  differences  of  the  latter 

affect  the  relative  rates  of  separated  clocks.  The  resulting  Doppler  shifts 
can  be  rigorously  calculated,  and  are  directly  given  by  the  dimensionless 
amplitude  h (or  ilr/c  ) of  the  passing  wave,  multiplied  by  the  three  pulse 
response  function  of  Figure  1. 

^e  three-pulse  response  demonstrates  nicely  both  the  transverse  nature 
of  gravitational  radiation  and  the  equivalence  principle.  As  0 -•  0°  the  first 
pulse  vanishes  and  the  second  two  pulses  merge  and  cancel.  There  is  no  longi- 
tudinal effect!  Also,  for  any  0,  the  sum  of  the  pulses  Is  zero-- If  the  pulse 
duration  approaches  the  RTLT,  they  blend  and  cancel.  This  Imposes  a long  period 
(low  frequency)  limit  to  the  gravitational  radiation  detectable  with  Doppler 
tracking.  For  pulse  durations  t > 2 X/c,  the  tracking  link  rides  up  and  down 
on  the  wave  of  propagating  gravitational  potential  and  the  measurement  becomes 
"local"  and  thus  unobservable  according  to  the  principle  of  equivalence.  Since 
a large  RTLT  is  necessary  for  Doppler  gravitational  wave  searches,  the  appro- 
priate missions  in  the  foreseeable  future  are  Galileo,  Solar  Polar  and  Solar 
Probe. 

We  are  looking  into  data  reduction  methods  which  take  full  advantage  of 
these  very  characteristic  and  unique  response  functions  to  search  for  gravita- 
tional waves.  In  a subsequent  paper,  Robert  Vessot  shows  how  Doppler  signals 
can  be  separated  from  other  effects  in  real  time  with  an  on-board  H-maser  fre- 
quency standard  and  multiple  link  tracking,  one-way,  two-way  and  four-way.  These 
developments  must  bu  actively  supported  and  carefully  studied  in  the  next  few 
years,  and  also  closely  coordinated  with  the  advanced  planning  of  the  1980-90 
era  Deep  Space  Net.  A dramatic  increase  in  the  sensitivity  achievable  for  our 
expe'*lment  is  possible  by  the  time  of  the  Solar  Probe  mission. 

Nevertheless,  for  this  planning  meeting  we  will  be  conservative  and  report 
achievable  system  sensitivities  simply  by  considering  Allan  variances,  o (t), 
for  various  system  and  propagation  sources  of  phase  fluctuation.  Allan  variance 
is  additionally  conservative  for  consideration  of  detection  sensitivities  for 
radiation  with  spectral  content  very  different  from  that  of  the  phase  noise. 

In  his  paper,  David  Douglass  discusses  the  much  higher  sensitivities  possible 
for  cw  sources,  which  are  better  understood  by  using  spectral  plots  of  frequency 
noise  Sy(f).  Plasma  physicists  are  more  used  to  the  concept  of  phase  noise 


2 2 

becrtuso  it  la  tllrectly  related  to  columnar  electron 

content.  We  have  adopted  the  Allan  variance  In  order  to  communicate 

effectively  with  the  clock  and  timekeeping  community:  la  the  rms  value 

of  two  ininediately  aucceaalve  measurements  of  y,  each  for  Integration  time  t. 

It  can  he  obtained  by  integrating  the  spectral  descriptions  or  S with 

w y 

a filter  which  cuts  out  high  and  low  frequency  divergences--and  indeed  for 
our  purposes  may  not  filter  the  lows  enough,  and  so  be  too  conservative. 

Plasma,  troposphere  and  H-maser  phase  fluctuations,  however,  do  all  tend  to 
have  the  same  low  frequency  spectral  characteristics , and  can  at  least  be 
Intercomparod  with  this  measure. 

A precision  tracking  experiment  is  being  performed  this  year  with  the 
Viking  spacecraft  at  Mars,  at  the  request  of  J,  D.  Anderson.  J.  W.  Armstrong, 

F.  R.  Kstabtook  and  R.  Woo.  Viking  went  through  solar  opposition  on  January  18, 
HTR.  and  data  taken  and  analysed  by  Armstrong  and  Woo  have  beautifully  verified 
a model  hv  Armstrong  which  predicts  a dram.it Ic  lowering  of  the  .solar  wind  plasma 
tluctuation  level  near  180^  elongation,  when  pla.sm.'i  inhomogonelt  les  are  con- 
veeted  nearly  parallel  to  the  radio  link.  From  this  and  previous  data,  one 
finds  a Koimogoroff  ptx#or  speetrum.  So,  let  W = A (10^  X f)”**'*.  Then 
Figure  I (from  Woo.  Armstrong,  and  Kstabrook,  shivs  A.  the  spectral 

amplitude  .it  Id  H;» , plotted  against  elongation  or  sun-earth -spacer  raft  angle. 
The  points  for  olongat  ions  greater  than  are  from  prellir  .rv  reductions 
of  the  now  Viking  data  and  corroborate  the  Armstrong  model,  indicated  by  the 
Hue  in  Figure  1.  On  the  Allan  variance  Diippler  sensitivity  plot.  Figure  4, 
wo  can  thus  sluv  the  f luctu.'it  ion  levels  due  to  the  Interpl.anetary  plasma  to 
he  an  order  I't  magnitude  liver  than  In  our  previous  plots  of  this  sort 
(W.ihlqulst  et  al.,  1977).  It  appe.irs  that  lor  gravitational  wave  observations 
conducted  at  X-batuI  accepf'ble  levels  of  plasma  phase  fluctuation  prevail  for 
about  a month  contered  on  each  solar  opposition  during  the  cruise  phase  of 
future  missions  to  the  outer  planets. 

Wo  have  ci»mnu'nted  that  the  liv  frequency  limit  of  the  Doppler  gravitational 
wave  detevtlon  scheme  is  set  by  the  RTI.T.  From  Figure  4 it  is  clear  that  the 
high  Iroquency  limit  Is  set  by  the  available  timekeeping  staniianls  and  svsteii 
noise.  The  useful  VLF  band  is  .01  Hz  - .0001  Hz,  wliieb  lies  in  the  VIV  gravl- 
l.tlional  wave  band  defined  by  Press  and  Thorne  lo  be  .1  Hz  - ,0001  Hz. 
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Figure  3 Spectral  amplitude  at  10  ^ Hz  versus  elongation. 
From  tfoo  and  Armstrong  (1978). 
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In  Figure  4 we  have  not  shown  Doppler  fluctuation  levels  caused  by 
tropospheric  or  spacecraft  buffeting.  These  are  non*>dispersive.  The  Viking 
data  were  obtained  at  opposition  in  both  S>band  and  X^band,  and  are  still 
dispersive**hence  plasma  related-«at  the  level  shown,  Af/f  ■ 3 y 10“^^  (set 
by  the  Viking  S>band  uplink).  VTe  have  estimated  spacecraft  buffeting  accel* 
erations  in  this  VLF  frequency  band  as  ~ 3 x 10*  . Available  tropospheric 

data  are  discussed  in  the  paper  by  Phil  Callahan;  it  is  clear  that  more  study 
and  experiments  are  needed,  especially  under  nighttime  desert  conditions.  We 
believe  the  ultimate  solution  to  such  propagation  problems  lies  In  on-board 
timekeeping  and  multilink  tracking,  solutions  possible  with  the  Solar  Probe. 

Returning  again  to  Figure  4,  we  call  attention  to  the  plots  of  phase 

fluctuation  associated  with  the  downlink  signal-to-noise  ratio  (SNR).  The 

downlink  is  always  the  weak  link  in  spacecraft  coninunications,  because  of  the 

low  power  available  on  board  and  despite  the  low  noise  temperature  of  ground 

maser  receivers.  For  S-band  downlink,  antenna  gains  and  the  frequency  depend- 

-2  .1 

ence  of  S^  (~  v (SNR)  ) conspire,  and  downlink  phase  fluctuations  can  be 

seriously  large  at  the  levels  with  which  we  are  concerned.  Although  there 

will  be  a 20  watt  downlink  X-band,  the  minimal  1-watt  S-band  "beacons**  presently 

planned  for  the  Galileo  and  Solar  Polar  missions  would,  we  believe,  be  marginal 

as  auxiliary  multilinks.  Those  missions  will  probably  be  able  to  conduct 

gravitational  radiation  demonstration  experiments  only  at  an  Allan- variance • 

-14 

level  of  3 X 10  set  by  the  S-band  uplink  plasma  fluctuation,  unless  X-band 
converter  stages  are  added  to  allow  round-trip  X-band  observations.  In  that 
case,  these  large  RTLT  missions  can  achieve  a Doppler  accuracy  of  3 x 10*^^ 
near  solar  opposition,  with  only  an  X-band  system. 

Pending  more  careful  study  of  the  use  of  multilink  tracking  to  take 
advantage  of  the  distinctive  correlation  signature  of  gravitational  radiation, 
we  estimate  the  achievable  gravitational  radiation  strain  sensitivity  of  the 
Solar  Probe  mission  at  < 10  This  great  advance  could  be  made  possible  by 

the  incorporation  of  on-board  H-maser  timekeeping.  We  urge  that  the  needed 
advanced  planning  of  .uultillnk  Doppler  for  the  mission  be  coordinated  with 
the  development  plans  of  the  DSN. 
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Abstract 

The  effects  of  the  transmission  media  - the  earth's  troposphere  and 
Ionosphere,  and  the  solar  wind  - on  precise  Doppler  tracking  are  discussed. 
The  charged  particle  effects  can  be  largely  removed  by  dual  frequency 
observations.  However,  there  are  limitations  to  these  corrections  (besides 
system  noise  and/or  finite  integration  times)  including  the  effects  of 
magnetic  fields,  diffraction,  and  differential  refraction,  all  of  which 
must  be  carefully  evaluated.  The  Earth's  troposphere  can  contribute  an 
error  of  Af/f  10*”^^. 


1. 


Introduction 


Inveatigntlons  Involving  high  accuracy  Dopplar  tracking  are  likely  to 
be  an  ioportant  part  of  Solar  Probe  acience.  In  the  paat,  it  haa  been 
found  that  the  nedla  through  which  the  radio  aignal  paaaea  can  have 
important  effecte  on  the  aignal.  I would  like  to  reconaider  theae 
tranomiaaion  media  effecta  relative  to  the  higher  tracking  accuracies 
discussed  for  relativity*  quadrupole*  and  gravitational  wave  experi- 
ments. Doppler  accuracies  of  O.l  mm/sec  (Av/c  ■ 3 x 10“^^)  have 
generally  been  assumed  for  the  first  two  experiments*  while  gravitational 
wave  detection  requires  accuracies  of  Af/C~v/c  better  than 

I consider  a round  trip  S-X  band  system  for  correction  of  the  effect 
of  charged  particles*  The  results  show  that  the  gravitational  wave 
experiment  is  likely  to  be  limited  by  the  Barth's  troposphere.  The 
other  experiments  will  require  careful  calibration*  perhaps  that  pro- 
vided by  an  accurate  onboard  clock  which  allows  both  one  and  two  way 
Doppler  measurements.  Further  studies  of  the  effects  discussed  here 
are  needed  to  determine  optimal  calibration  strategies. 

II.  Solar  Wind  Plasma  Effects 

This  paper  deals  with  only  the  solar  wind  and  the  Earth's  troposphere. 
Even  though  some  of  the  pUsma  effecta  evaluated  here  occur  in  the 
ionosphere*  it  Is  usually  of  less  inq>ortance  because  of  the  short  path 
through  it.  In  the  absence  of  magnetic  fields*  a plasma  is  a dispersive 
medium  with  an  index  of  refraction  given  by 

- 1 - f ^/f^ 

P 

where  the  plasma  frequency  - 2Ne^/m  or  fp  • 8.98  x lo\***  N being 
the  number  density  of  electrons.  The  group  delay  or  phase  advance 
caused  by  a pLtsma  can  be  completely  removed  by  observing  at  two  fre- 
quencies. At  present*  spacecraft  communications  are  carried  out  with 
an  S band  (2.1  GHa)  uplink*  while  the  spacecraft  coherently  retransmits 

S and  X band  (8.4  GHa)  providing  a one  way  measurernent  of  the  integrated 
electron  content. 
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Since  real  plaaoaa  are  not  atatlct  and  one  la  interested  in  knotflng 
the  round  trip  effect,  one  needs  either  two  way  dual  frequancy  measure* 
ments  or  a clever  way  to  obtain  the  round  trip  effect  from  the  down- 
link observations.  Simulations  by  S.  C.  Wu  and  F.  B.  Ulnn  (Ref.  1) 
showed  that  errors  of  several  meters  could  be  made  from  approximating 
the  round  trip  effect  by  doubling  the  downlink.  They  developed  a 
technique  In  which  two  way  data  were  used  to  estimate  the  plasma 
distribution,  and  hence  the  approximate  timing  of  changes.  This  re- 
duced errors  by  about  a factor  of  10,  to  10  to  30  cm.  Thus,  10-30  cm 
Is  the  limiting  error  for  one  way  dual  frequency  measurements  of  a 
changing  plasma. 

One  might  suppose  that  a round  trip  dual  frequency  system  would  eliminate 
all  charged  particle  errors.  While  it  does  reduce  them  to  a very  low 
level,  a number  of  effects  remain.  Among  the  effects  In  need  of  con- 
sideration are  the  gyrofrequency  In  the  plasma,  different  paths  through 
the  plasma,  and  diffraction  effects.  All  of  these  effects  are  small 
(j^l0~  ) factors  times  the  basic  plasma  effect  which  Is  f^  /f  . The 
values  of  some  plasma  parameters  are  given  in  Table  1. 

The  effects  of  spacecraft  and  solar  wind  velocities  on  charged  particle 
corrections  were  investigated  some  time  ago  by  Mo  (Ref.  2).  He  noted 
the  well-known  result  that  a medium  whose  index  of  refraction  is  like 
that  of  a simple  plasma  does  not  "drag"  its  refractive  Index  with  it. 
Thus,  there  is  not  a correction  term  of  order 

more,  with  a round  trip  dual  frequency  system,  there  Is  no  direct  con- 
tribution from  the  spacecraft  velocity.  (Table  2 shown  as  a viewgraph 

at  the  Workshop  was  incorrect  in  showing  such  a contribution).  The 

' 2 
effects  which  will  remain  after  calibration  are  of  order  (1_/1)  and 

P -1 

(v  /c)(f  /f  ),  where  v Is  the  bpacecraft  velocity  (*^300  km  sec  , 
sc 

V /c  ■ lO”^,  near  the  sun). 

8C 

The  solar  wind  has  a magnetic  field  Imbedded  in  it.  The  refractive  Index 
is  then  not  the  simple  relation  given  above  but 

1 + f /f  - 
2 "8  P 

n ■ 


1 ± 


{ 


for  propagation  along  the  magnetic  field,  where  the  gyrofrequency 

w - eB/mc,  or  f • 2.80  x 10^  B Hz.  The  gyrofrequdncy  gives  rise 
8 8 

to  Faraday  rotation  of  linearly  polarized  waves.  Spacecraft  comrounl** 
cations  are  usually  carried  out  with  circular  polarization.  Since  the 
solar  wind's  magnetic  field  fluctuates,  there  will  be  some  RMS  phase 
noise  from  Integrating  the  gyro-effect  along  the  signal  path.  A 
further  consequence  of  the  gyrofrequency  term  In  the  phase  velocity 
Is  that  the  solar  wind  will  tend  to  drag  the  wave  with  It.  This 
Introduces  a term  of  order  (v  /c)(f  /f)  Integrated  along  the  line 
of  sight. 

Very  close  to  the  sun,  the  large  value  of  the  radial  derivative  of  the 
refractive  Index  causes  the  S and  X band  ray  paths  to  separate  and  the 
different  ray  paths  will  sample  different  plasma.  Work  Is  In  progress 
to  evaluate  the  magnitude  of  this  effect  for  the  Solar  Probe  and  other 
missions.  If  It  Is  significant.  It  may  be  necessary  to  use  higher 
communications  frequencies. 

The  final  plasma  effect  to  be  considered  Is  diffraction.  So  far  the 
discussion  has  been  In  terms  of  geometrical  optics.  However,  radio 
scintillation  work  has  shown  that  diffraction  effects  can  be  Important 
In  Investigating  the  solar  wind  (see,  for  example.  Ref.  3).  The  Rytov 
approximation  can  be  used  to  find  the  RMS  phase  difference  between 
S and  X band  waves  propagating  In  the  solar  wind. 

Although  all  of  these  higher  order  processes  also  affect  range  data, 

they  are  generally  not  Important.  There  la  an  additional  factor  which 

Is  unique  to  ranging  because  It  requires  a finite  bandwidth,  of  the 

form  Af/f.  For  present  ranging  systems  at  S band  Af/f  “^10  . 

Ordinarily,  the  overall  effect  f^^Af/f^  Is  not  Important,  but  near  the 

sun  we  have*2  x 10  (5  R ) to  4 x 10  (10  R ) giving  AR  ■^30  m 

0 (y 

to  6 m.  Since  the  effect  Is  Integrated  along  the  line  of  sight  and  the 
range  measurement  Is  made  by  hardware,  only  statistical  correction  Is 

possible. 
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The  effects  at  1 AU  are  all  small.  This  bodes  well  for  the  attempts 
to  detect  gravitational  radiation  on  long  ray  paths  in  the  anti- 
solar  direction.  Diffraction  needs  to  be  evaluated  carefully  for  longer 
paths  where  larger  scale  sises  (with  much  larger  spectral  amplitudes) 
become  important.  On  the  other  hand,  in  the  antisolar  (radial)  direction 
an  additional  helpful  featuru  emerges.  Since  one  is  then  looking  along 
the  solar  wind  velocity  vector,  the  rate  at  which  structures  are  con- 
verted across  the  line  of  sight  decreases  and  the  noise  spectrum  appears 
to  be  shifted  to  lower  frequencies.  This  effect  has  recently  been 
observed  by  Woo  and  Armstrong  (Ref.  4;  see  also  piper  by  Estabrook  this 
volume) . 

111.  Tropospheric  Errors 

Besides  being  affected  by  charged  particles,  the  radio  signal  is  slowed 
by  the  Earth's  neutral  atmosphere.  The  tropospheric  effect  is  usually 
separated  into  dry  and  v;  parts.  The  dry  part  is  rather  stable  and  is 
easily  removed  by  measuring  the  barometric  pressure  at  the  tracking 
station.  The  delay  caused  by  water  vapor  la  small  (—10  cm  at  zenith) 
but  neither  steady  nor  easily  modelled.  Water  vapor  radiometers, 
which  will  be  installed  at  the  Deep  Space  Stations  in  about  1980-81, 
will  measure  the  line  of  sight  delay  to  an  accuracy  of  2 cm.  However, 
path  length  fluctuations  of 

AL  - .13  (tj/400  sec)  cm,  10  S tj  <10^  sec 

where  tj  is  the  time  scale  of  the  variations,  can  be  expected.  Such 
fluctuations  give,  in  the  terms  usually  used  in  gravitational  wave 
detection  studies 

Av/cS’Af/f  ^ l.l  X 10"^^ 

where  t.  should  be  associated  with  the  sampling  Interval  ( — 10^  - 
3 * 

10  sec).  At  I AU,  the  troposphere  produces  the  dominant  effect. 

The  fluctuations  are  likely  to  be  least  at  night  and  in  the  winter, 
but  no  data  are  available  to  evaluate  the  magnitude  of  the  reduction. 
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INTRODUCTION 

The  chief  objeottve  of  a Dqppler  tracking  system  Is  to  retrieve  range-rate  informa- 
tion from  the  Dcq^ler  shift  of  signals  exchanged  between  the  spacecraft  and  the  ground 
station.  Many  perturbations  occur  in  the  phase  of  the  tradtdng  signal  as  it  progresses 
from  the  master  oscillator  to  fhe  transmiter  and  then  radiates  Into  space  is  later 
received  and  compared  to  an  oscillator.  In  the  two-way  traddng  mode  the  signal  is 
returned  from  the  tracked  object  by  a phase-coherent  transponder  and  is  received  and 
compared  to  the  same  oscillator  that  generated  the  traxismitted  ilgnaL  In  the  one-way 
mode  the  spacecraft  and  ground  statian  each  have  an  oscillator  a ad  one  station  trans- 
mits signals  to  the  other  to  make  frequency  comparisons  and  tfaui  obtain  the  Doppler 
signal.  Each  of  these  modes  of  operation  requires  a specifio  type  of  electronics  sys- 
tem and  will  be  aftected  by  its  own  set  of  perturbations. 

Speoiftoally,  we  will  consider  phase  perturbations  that  occur  in  the  following  com- 
ponents of  the  one  and  two-way  systems: 

1)  One-way  Itystem  (Signal  from  A to  B):  Station  A Oscillator  — transmitter  A — 
antenna  A — signal  path  — antenna  B — receiver  B — station  B oscillator  — recording 
system  B. 

2)  Two-way  System  (Signal  from  A to  B back  to  A) : Station  A oscillator  — trans- 
mitter A — antenna  A — signal  path  up  — antenna  B — transponder  B — antenna  B — 
signal  path  down  — receiver  A — Station  A oscillator  — recording  system  A. 

There  Is  also  a tiiree-way  mode  of  operation  where  the  signal  path  down,  receiver, 
oscillator,  and  recording  system  of  the  two-way  system  are  at  a different  location 
than  A and  B.  We  will  not  consider  this  situation  In  this  paper. 

Here  we  describe  a symmetrical  one-  and  two-way  system  in  which  we  can  identity 
the  place  of  origin  of  the  fluctuation  and  quantity  it  so  as  to  recover  the  unperturbed 
phase  at  a given  moment  of  time  by  time-correlating  the  phase  fluctuatlans  obtained  in 
the  one-  and  two-way  data  taken  at  both  stations. 

In  describing  the  projected  performance  of  such  a system  we  look  at  the  results 
of  a system  that  was  flown  in  the  gravitational  red- shift  rocket  probe  experiment  (1), 
which  involved  the  tracking  of  a vehicle  that  included  an  S-band  transponder  and  a 
hydrogen  maser-controlled  S-band  transmitter.  In  this  experiment  both  one-way 
and  two-way  data  were  simultaneously  obtained  at  the  ground  station. 


OSCILIATOR  AND  CLJCK  PERFORMANCE 

Wc  begin  by  oonelderlng  the  behavior  of  olooks  suitable  for  Coupler  traok^itg.  The 
clock  or  osoiUator  eerves  the  following  functlane  in  Doppler  tracking  ayetemat  (a) 
Transmitter  master  osoiUator,  (b)  Receiver  local  oscillator,  (o)  Clock  to  keep  ^e  (or 
epooM  to  relate  data  to  a oolestial  coordinate  firame,  (c^  Clock  to  maintain  synohronisa- 
tim  (in  the  sense  of  coordinate  time),  and  (e)  (in  the  case  of  the  red>shift  experiment) 
The  spacecraft  clock  m the  probing  instrument. 

h)  the  Dof^ler  system  both  range>rate  and  range  data  are  available.  The  range 
rate  is  by  using  the  oscdllator  to  measure  the  Doppler  frequency  and  range 

differences  can  be  inferred  by  cminting  Doppler  cycles. 

Alternatively,  the  can  be  modulated  or  coded  so  that  the  light  time  of  the 

can  be  obtained  from  the  time  interval  meas\ured  between  transmitted  and 
received  signals. 

The  measurement  accuracy  of  range  rate  depends  on  knowing  the  frequency  of  the 
signal  and  the  drift  of  the  oscillator  between  the  transmission  and  reception  times.  The 
range  aooura<Qr  in  the  modulation  mode  depends  an  the  accuracy  of  timtog  the  interval 
between  the  transmitted  and  received  signals.  In  these  oases,  the  roles  of  oscillator 
and  clock  are  quite  obvious.  However,  there  is  also  a requirement  fcr  maintaining 
epoch  time  accurately  so  as  to  relate  these  measurements  to  celestial  phenomena  and 
obtain  tl»  trajectory  or  ephemexls  of  the  vehicles  in  a known  coordinate  finune. 

Oscillator  synohrcmlzation  and  stablUty  for  the  performance  of  time  correlation 
of  the  data  are  also  important  if  it  is  necessary  to  obtain  angular  Informatitm  from 
widely  separated  stations  in  tte  conventional  VLBl  (very  long  baseline  interferometry) 
mode  of  operation.  As  will  be  seen  later,  there  are  other  ways  in  which  correlation 
techniques  can  be  used  in  tracking  appUoations. 

Clock  performance  is  described  in  terms  of  the  two«sample  variance,  or  Allan 
variance  (2, 3),  which  is  essentially  a means  of  inredioting  the  lo*  probabiUty  of  the 
difference  between  a feequenoy  measurement  averaged  over  the  t seconds  in  the 
immediate  feture  and  measurements  made  in  the  past  (also  averaged  over  t seconds). 

It  can  be  shown  that  the  functional  behavior  of  o*  (t)  depends  on  Uie  type  of  random 
process  perturbing  the  oscillator  (4)  and  that  conclusions  from  such  data  are  only  vaUd 
if  random  processes  are  at  work.  Systematio  frequence  effects  can  lead  to  interesting 
data  but  these  data  must  be  used  very  cautiously. 

Allan  variance  data  for  hydrogen  masers  reoenHy  delivered  by  SAO  to  the  U.  S. 
Naval  Research  Laboratory  (S)  are  shown  in  Figure  1.  Their  stability  lies  well  below 
the  lO"^^  level  and  follows  the  limits  imposed  ty  thermal  noise  for  t ■ 0. 6 seo  to 
tb  3000  sec  reaching  6 X io**l^  at  averaging  intervals  of  1 hr.  hi  this  data  set,  taken 
over  3 weeks,  slow  linear  drifts  were  observed  that  became  significant  for  averaging 
times  greater  than  1 hr.  These  were  caused  by  a laboratory  air  conditioner  malfeno- 
tion  during  the  run.  Such  slow  linear  drifts,  when  represented  by  the  algorithm  used 
to  onloMinte  variances,  give  the  data  points  to  the  ri^t  of  the  dotted  line. 

To  the  best  of  our  knowledge,  these  data  represent  results  from  maser  oscillators 
that  are  close  to  the  state  of  the  art  at  the  time  of  writing  this  paper.  The  Doppler 


J<59 


OKIGINAL  FAQS  Q 

01  FOOR  OQAUiai 


Figure  1,  Allan  variance  data  for  an  SAO  hydrogen 
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error  At/e  can  be  related  to  the  value  of  <r(T)  when  it  la  aaaoelated  with  the  li^^  time 
of  a two-way  ayatem.  OaoiUator  or  clock  performance  ia  a fundamental  limit  to  all 
range  and  range-rate  Doppler  i^atema  and  we  aee  from  the  data  that  thla  limit  Ilea 
well  below  1 X 10~1*  for  time  Intervala,  r,  ranging  from  50  aeo  on  to  well  beyond 
1 day. 

ELECTRONICS  AND  ANTENNA  STOTEM  HARDWARE 

An  eatlmate  of  the  atability  that  onn  be  obtained  Drom  the  eleotronlca  and  antmina 
ayatema  of  a tracking  atatlon  can  be  lUuatrated  by  the  performance  of  the  modified 
U.S. B.  ayatem  uaed  In  the  June  1976  redaldft  rocket  probe  experiment.  The 
aohematlo  concept  (Figure  2)  ahowa  tiie  Doppler  cancelling  ayatem  developed  for  tiie 
experiment.  Thla  i^atem  waa  Integrated  Into  the  exiating  U.  S.  B.  Station  at  Merrit 
lalancL  Florida,  and  Incorporated  many  modifications.  Probably  the  most  significant 
contribution  to  maintaining  the  phase  staldlity  of  the  transmitted  signal  was  the  use  of 
a hydrogen  maser  to  control  foe  phase  of  the  traxismitter  power  amplifier.  This  was 
done  by  comparing  the  phase  of  the  signal  sampled  at  the  transmitting  antenna  wifo  foe 
lAase  of  a signal  drived  team  the  hydrogen  maser  and  controlling  tiie  transmitter  to 
maintain  a constant  phase  relationship  between  the  two  signals.  With  this  method  of 
control  the  phase  stability  of  the  output  power  at  the  antenna  was  comparable  to  that 
of  the  H maser. 

hi  all  the  following  discussions  we  will  o<msider  that  the  transmitters  are  looked 
in  this  way  to  the  maser  oscillator  and  that  the  tiransmitter  phase  instaldlily  contributes 
no  significant  degradation  to  tiie  signal  delivered  to  the  antenna. 

The  function  of  the  redshift  experiment  Doppler  cancelling  system  was  to  meas- 
ure the  Dofgiler  frequmioy  of  the  spacecraft  using  a transponder  in  a two-wiQr  (go- 
retum)  loop  and  simultaneously,  using  the  same  antmma,  to  measure  the  Doppter 
firequency  of  the  maser-controlled  spacecraft  transmitter.  The  system  fiimi  sub- 
tracted one-half  the  two-way  Dopider  <^cles  from  the  one-way  Doppler,  ^ch  also 
contained  the  redshift  and  second-order  Doppler  foequmi^  shifts,  to  reveal  these 
data  directly. 

Clearly  Figure  2 is  an  overslmpllfioation  and  Figure  3 is  offered  to  describe  tee 
firequenc^  ofisets  required  to  operate  such  a continuous  wave  system. 

If  ve  assume  teat  tee  ray  paths  in  all  three  links  are  essentially  identioal  and  that 
the  Ug^-time  delay  is  small  compared  to  the  time  averaging  interv^d  used  to  recover 
tee  data,  we  can  cancel  tee  domiimt  1/f  compcmmit  of  the  i<mosid»rio  refractive 
index  by  choosing  the  frequency  ratios  shown  in  Figure  3 to  satisfy  the  following  equa- 
tion (6): 


hi  our  case  the  transponder  ratio  was  M/N  = (240/221)  and  we  chose  = 82/55 
and  P/Q  » 76/49,  which  fit  the  equation  with  a discrepancy  of  about  2 X 10'^.  The 
resulting  posslbte  residual  effect,  assuming  a normal  day-time  ionosidiere  and  a near- 
vertical  trajectory  going  to  10,000-km  altitude,  is  on  the  order  of  a few  parts  in  lOlS 
of  the  carrier  frequency  at  2 QHz. 
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Figure  2.  Redshift  experiment  Doppler  cancelling  system 


Figure  3.  Redshlft  Doppler  and  ionospheric  error  cancelling  system. 


The  qratem  In  Figure  3 Is  a phase*ooherent  device  that,  In  real  time,  measured 
the  Doppler  <^les  of  the  downlink  signal  controlled  by  the  probe  maser  by  a separate 
two-way  microwave  link  and  electronically  subtracted  these  cycles  in  real  time  from 
the  one-way  link  to  reveal  the  Doppler  oyoles  due  to  the  relatlvlstio  frequency  shifts 
of  gravity  and  relative  motion. 

The  short-term  performance  of  this  system  during  the  mission  has  been  meas- 
ured by  taking  tiie  Allan  variance  the  0. 84-Hz  redshift  beats  for  a 5-mln  sample 
of  data  centered  at  apogee  where  the  redshift  foequency  variation  was  very  slow. 

These  data  are  shown  in  Figure  4. 

For  the  time  Intervale  (^served,  the  stability  data  for  the  masers  are  essentially 
the  same  as  in  the  laboratory.  It  is  Important  to  note  that  this  comparison  in  space 
included  30. 000  km  of  transmission  path  and  three  passes  through  the  troposphere 
and  ionosphere.  It  is  clear  that  whatever  tropospheric  and  ionospheric  propagation 
anomalies  may  have  occurred  were  very  highly  correlated. 

ft  is  also  evident  that  the  eleoti:<mlo  hardware  at  the  ground  station  and  probe 
Introduced  no  s4(nlfioant  unoorrelated  noise  durii^  the  mlssi<m,  which  was  oemfirmed 
before  the  experiment  was  launched  by  seveiral  months  of  end-to-«id  ground-based 
simulation  tests  of  the  system. 

In  addition  to  the  above  data  from  the  analog  cancellation  system,  the  one-way  snd 
two-way  Doppler  data  were  separately  recorded  during  the  flight  usix«  the  U.  S.  B. 
system's  traoldng  data  processor  (TDI^.  The  data  were  recorded  In  terms  of  Doppler 
. <qrcle  counts  every  0. 1 sec,  alternating  the  one-way  data  with  ftie  two-wi^r  data.  later 
processing  of  these  data  gave  the  same  results  as  were  obtained  ftram  the  analog  system. 
The  real  time  analog  data  and  h posteriori  computed  data  are  shown  in  Figures  5 and  6. 
These  data  represent  tiie  residual  phase  still  to  be  accounted  for  in  the  2.6  X lO^ 
radians  of  redshift  data.  (At  the  time  of  writing,  work  continues  on  the  anatysis  of 
these  data. ) 

The  analog  data  were  taken  using  a 20-Hz  filter.  The  digital  uplink  and  downlink 
data  from  the  TDP  were  taken  using  the  standard  system.  Both  data  sets  are  computed 
and  plotted  at  1-seo  intervals.  The  undulations  in  the  data  are  primarily  due  to  an 
aliased  representation  of  phase  fluotuatians  from  the  rotating  payload.  The  fluctuations 
result  flK>m  the  sli^t  mis^gnment  of  Uie  dipole  antenna  located  on  the  payload  axis. 
Figure  7 shows  data  plotted  every  0. 01  sec  from  the  analog  system;  here  we  clearly 
see  the  rotation  and  nutation  of  the  payload  30  min  after  separation  from  the  fourttii- 
stage  rocket  motor. 

From  fliese  date  we  can  conclude  that  tracking  system  hardware  can  provide 
stability  at  the  10~^^  level  or  better  for  time  averages  on  the  order  of  100  sec  and 
longer. 

EFFECTS  OF  SIGNAL  PROPAGATION  THROUGHOUT  THE  SYSTEM 

To  characterize  flie  stability  of  the  complete  Doppler  system  including  the  antennas 
and  ray  paths,  we  must  look  at  all  the  contributions  to  phase  instability  in  detail. 

Figure  8 shows  the  llf^t  time  diagram  for  one-way  and  two-way  ray  paths  connecting 
an  Earth  station  and  a space  probe  going  near  the  Sun.  Here,  because  of  the  long 
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real-time  analog  data. 


Llglit  time  diagram  of  ray  paths  in  4 link  system. 
The  dott^  line  shovs  link  added  to  original  gravi- 
tational redshift  Ooppler  system. 


(T  ~16  min)  two-way  light  time  for  a signal  transponded  near  Ihe  Sun,  we  assume  that 
the  Earth's  tropospheric  and  Imiospherlc  effects  occur  at  the  same  time  as  the 
at  the  Earth  ant6nna.  The  phase  observed  In  a one-way  Doppler  system  has  the  follow- 
ing contributions: 

^♦,<*)  = *p  j‘-f ) + ?)  + f ) + ♦«(*>  + +*T<*>  ♦ V'  > 


Here, 


(2) 


4>  (t)  and  6 (t) 
*^c  *c 

♦ (t)  and  ♦ (t) 
‘'c  ®c 

% (t)  and  ♦ (t) 
**a 

*P 

*^(t)  and  *j(t) 


'L  (t) 
®Rx 

V<‘> 


random  phase  noise  of  the  probe  and  ground  clocks, 
respectively. 

systematic  phase  variations  of  the  probe  and  ground  clocks, 
respectively. 

systematic  phase  contribution  of  the  probe  and  ground 
antennas. 

2irf 

systematic  phase  change  resulting  from  the  ray 
path  distance,  1 represents  Earthward  propagation, 
systematic  phase  variation  of  the  troposphere  and  ffie 
lonosidiere,  respectively. 

the  systematic  phase  variation  of  the  solar  corona,  1 repre- 
sents Earthward  propagation  direction, 
the  systematic  phase  variation  in  the  ground  receiver  system. 

the  random  phase  variation  in  the  ground  receiver  sjrstem. 

the  random  phase  contributed  to  the  data  by  the  ground  station 
recording  system. 


For  a two-way  system,  it  is  more  complicated  and  we  have  the  following: 


V“  * *°Hx  * V‘*  ‘ V*  ■ V’  * 


(3) 


^ additlTO  to  the  phase  pertuxbation  terms  identiffed  earlier,  two  terms  relate 
to  the  transponder,  namely,  t (t),  which  is  the  systematic  variation  of  the 

phase  through  the  transponder,  and  6 (t),  which  is  the  random  component 

‘^TRx 
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associated  wltii  the  noise  oomprising  the  thennal  and  excess  thermal  noise  of  the 
nransp^er  reviver.  Note  that  this  receiver  is  also  the  one-way  clock  link  receiver 
described  in  the  following  system. 


THE  CORRELATED  FOUR-LINK  SYSTEM 

From  ^ list  of  one-way  and  two-way  phase  noises  and  the  times  at  which  these 
axe  reputed  at  the  vaxlous  station  recorders^  we  can  Identify  common  sources  of 
fifystematic  behavior  described  earlier  for  the  redsUft  probe  e3q)eriment  We  now 
proj^se  to  go  one  step  further  and  describe  a system  ttot  is  completely  symmetrical 
in  that  we  have  one-  and  two-way  data  obtained  both  at  the  probe  and  at  the  Earth 
station.  This  is  done  by  transpcmding  tiie  probe  clock  down-link  signal  back  to  the 
probe  as  shown  in  Figure  9. 


One-way  md  two-way  Doppler  cycle  data  are  recorded  with  respect  to  a proper 
♦ ® ^ ground  clocks  and  later  are  appropriately  corrected 

for  re^vlstic  effects  of  their  relative  time  scale.  These  data  are  to  be  time  cor- 
rel^d,  and,  as  will  be  seen,  foe  correlation  process  will  permit  the  identification  of 
synematic  processes  that  occur  eifoer  at  foe  probe  or  at  foe  Earth  station.  In  addition 
to  “cse,  it  is  possible  to  identify  fluctuations  in  propagation  effects  that  occur  between 
the  statl<ms.  All  foe  fluctuations  discussed  here  occur  on  a time  scale  commensurate 
with  or  shorter  than  the  tight  time,  R/c. 


We  designate  the  four  signal  links  as  follovrat 

a Earth  dock  uplink 
^ Earth  transponder  uplink 
Y Probe  olodc  downlink 
6 Probe  transponder  downlink. 


Fi^^  9 can  be  configured  as  shown  in  Figure  10  to  localize  foe  origin  of  random 
and  systeinatio  diase  variations.  We  can  idmitify  some  time-related  properties  of 
system  and  in  the  following  disoussians  we  will  assume  foe  following: 

1.  The  clock  controls  foe  transmitter  and  also  serves  as  receiver  local  oscillator. 

2.  The  antenna  serves  all  four  linkp. 

3.  The  receiver  R.  F.  system  serves  both  input  linka  and  the  ewstematio  R.  F. 
phase  variations  are  common  to  both  signals. 

4.  The  4'q,  4^  are  random  and  unoorrelated. 

Note  t^  the  olodc  one-way  receiver  and  the  transponder  receiver  are  foe 
same  device  in  tids  representation  of  the  system. 

^ txansmltter  is  phase  looked  to  the  oiook.  The  microwave  signal  is 

at  the.  antenna  feed  so  that  tiie  phase  look  loop  spans  the  complete  microwave  system. 

6.  Earth  ionospherio  and  troposifoerio  |[)ha8e  variations  are  assumed  to  be  equl- 
ys'ent  to  antenna  motion  since  the  variations  occur  with  about  0. 03  sec  of  foe  tidit  time 
t«  ie  Earth  antenna.  ® 


Nw  if  w bmsider  that  the  one-way  Doppler  phase  accumulation  designated  by 
A*Qj(t)  and  the  two-way  phase  designated  by  A*Q^(t)  are  simultaneously  receive^  we 
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Dual  one-way  and  two-way  Doppler  tracking  and  Doppler 
cancellation  system  similar  to  the  system  used  in  the 
redshift  rocket  probe  experiment. 


10.  Origin  of  systenatlc  and  random  phase 
viiriations  at  terminals  of  the  4 link 


can  pexfom  a real-time  eubtraotkn  and  obtain  tbe  one-way  Dop^r  phaee  aooumulated 
at  the  probe  terminal  delayed  In  Its  time  repreaentatlon  by  B/o. 


The  observed  phase  after  subtraotlon  Is  given  by 


+ ♦-  (t-R/o)  - ♦“  (t  - R/o) 

*TIRx  Tbt  Tl 


♦q„ 

Tbc 


4. 

(4) 


We  see  that  the  only  systematio  term  that  exists  in  this  representation  of  the  one- 
way data  at  the  probe  Is  the  transponder  systematio  phase  variation,  The 

terms  4^^  <uce  the  same  (as  mentioned  earlier).  The  term  S (t-R/c) 

is  shown  with  negative  sign  to  cancel  the  same  term  that  belongs  In  A^(t-^o);  this 

ireoording  noise  oontiribution  is  replaced  by  tiw  two  terms,  which  combine  as 

random  variables.  The  noise  term  of  tiie  probe  receiver  is  replaoed  by  4*n  (Q^^X 

whidi  also  combine  as  random  variables. 


We  see  that  we  can  obtain  two  representations  of  the  one-way  signal  to  die  probe 
and  these  contain  unoorrelated  receiver  and  recording  noise.  Except  for  foe  trans- 
ponder systematio  {base  term,  all  S3rstematic  effects  are  identical  in  tiie  two  repre- 
sentations of  foe  one-way  data. 


bi  our  test  of  the  redshlft,  foe  phase  stability  of  tiie  transponder  was  of  oonoem 
and  considerable  effort  was  devoted  to  keeping  the  temperature  of  foe  U.  S.  B.  trans- 
ponder as  constant  as  possible  by  use  of  a newly  invented  arrtTnonia  boiler  foat  acted 
as  a heat  sink  for  the  transponder  and  clock  transmitter  b<»c.  fo  addition,  precise 
phase  calibrations  were  made  of  foe  transponder  and  clock  transmitter  as  a function 
of  temperature,  and  temperature  data  were  telemetered  to  the  Earth  station  for  later 
use  in  making  small  a pcwteriori  correction  to  foe  data. 

With  the  exception  of  the  transponder  systenuttio  term,  it  is  possible  to  reduce 
tile  phase  noise  in  the  one-way  data  to  tiie  probe  by  oonibinlng  tiie  two  d^ty  sets.  From 
symmetry,  we  see  tiiat  the  same  can  be  done  in  the  corresponding  set  ci  cme-way  d^tf» 
obtained  at  the  Earth  station. 


TIME  CORRELATIONS  IN  THE  DATA 

From  inspection  of  the  one-way  and  two-way  phase  variations,  we  are  led  to  some 
interesting  correlations  that  will  identity  the  origin  of  several  types  of  varia- 
tions occurring  in  times  ccmmensurate  with  t ~R/o. 

In  foe  following  reinresentation  of  phase  variations  we  assume  that  foe  systematio 
syole  counts  given  by  the  ray  path  integral  ^ and  removed 


STtiSL, «- 

tracMag  appUcatloiMi« 
fhe  Earth-firdbe  eysteoi. 

OsoUlator  shuts  have  two  eCCeots:  (1)  they  cause  a spurious 

tfrt?  is  not  possihle  for  the  spaoeora^;  other  means  of  oomparison  are  available, 
however. 

Shoruterm  t ~B/o.  variations  In  &e  bdiavlor  of  the  oscinator  can 

by  dSiSti^lnter^  associated  with  the  ray 
t « to,  w see  from  Figure  11  ttet 

inmcease  in  transmitted  phase  is  observed  by  the  now  restabilized  local  oscillator. 

Tto  clock  oerliirhrtJoo  ooouw  M a «eU  deBiwJ  let  of 

in  ti^lv  tte  m-'mf  lW>t  •*>“  »/o  and  fli.  two-wy 

taioidSiSipeto  the  two-way  probe  Doppler  date  ^ tbat^e  ^ 
eiSect  dependa  on  whedier  the  perhirbed  oacUlator  aerwa  m ^jf^S^Mdena  receiver 

oeainat<»r  to  thla  and  all  other  eaamptoa  we  aa«ime^  in  the  heterodyne  rece 
the  local  oaoillator  tretpenoy  Uea  below  ttat  of  the  carrier. 

aaeana  motioD  or  heffleting  ot  tto  vdiole  apaoeo^ 

Diflt  the  a.av.ay>dayeyftft  fwitimne  suddenly  moved  away  from  tto  Earm 

» J to^S^a^^«>tary  ^aae  in  the  obaerved  D^r  t^ 

SSt^vJw^mtoreoetvodte  die  probe.  The  one-way  data  r^vod  at  Ibe  Earth 

BiSemomentanr  dMreaae  in  l^eaoy  and  the 
Earth  atatton  two-way  data  will  ahow  twice  this  ehift  alao  at  to  + Bo/c. 

Tba  motloB  eOeota  ahow  ua  a difie^  aet 

s^-rissi^iiSricrSs^  ’ 

SS2i£Sllf"oc'^^^  lactora  aueh  a.  flu-nat- 

Ing  solar  wind  or  light  intensity. 
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Figure  11.  Effect  of  momentary  frequency  offset  of  grotmd  station  clock  at 
t - t as  observed  at  the  4- I ink  correlated  system. 


Figure  12.  Effect  of  spacecraft  buffeting  by  solar-wind  pulse  or  fluctuating 
solar  radiation  pressure  signature  for  burst  arriving  at  t « t . 
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SOLAR  CORONA  EFFECTS  ON  SIQNAL  PROPAGATION 


jlhe  mo8t  serious  problem  for  Doppler  tracking  of  the  probe  at  hi^  accuracy  and 
for  tteHeteotlon  of  gravity  waves  results  from  the  Ionization  In  tte 
Several  speakers  at  this  oonferenpe  have  described  various  vewloos  of 
which  can  wuise  large,  unpredictable,  and  rapid  variations  ®J^»® 

the  ray  passes  through  regions  of  space  where  Its  columnar  electron  denslly  varlee 

rapidly  with  time. 

hi  our  approach  to  this  problem  we  avoid  to  the  greatest  possible  ertent  ^ 

representation  of  the  solar  coronal  behavior.  This  is  ^ to  deny  the  useftil- 
ness  of  such  represmitatlons  made  from  sots  of  long-term  data,  ^wever,  fw  ^ 

19  hours  or  so  that  the  probe  Is  within  the  latus  rectum  of  Its  trajectory,  we  beileve 
that  a statistioal  representation  of  fluctuations  that  can  occur  In  time  Intervals  on  the 
order  of  15  min  is  very  rislqr. 


If  we  properly  vrell-behaved  noise  processes,  then  the  redundant  (tota  mif^ 
only  provide  an  improvement  by  For  the  solar  mission,  nolM  ra  the  signal  te 
^well  behaved,  and  the  extra  data  links  can  give  us  Informatlra  rela^  to  the  origin 
of  the  noise  bursts  and  assist  us  in  estabUshlng  the  cause  of  the  phase  Irregularittes 

seen  in  the  data.  The  value  of  this  information  is  particularly  high  when  we  se^h 

for  gravity  waves  or  small  scale  irregularities  In  the  solar  jspravltatira^  poteiraal  and 
goes  for  beyond  the  ^ factor  assigned  to  a purely  statistical  interpretation  of  the  data. 


We  believe  that  it  may  be  possible  by  time-correlation  methods  to  remove  a signi- 
ficant part  of  the  coronal  phase  fluctuations  occurring  In  time  Intervals  t ~R^c,  and, 
for  the  purpose  gravity  wave  detection,  to  identity  and  follow  to  space-time  foe 
behavior  of  blobs  of  ionization  that  cross  foe  ray  paths  between  foe  probe  and  Earth 
statira. 


The  effects  of  electrons  and  foe  magnetic  fields  in  which  they  are  situated  are 
described  by  the  Appletra-Hartree  equation,  wMch,  when  <tewlop^  to  a ra^s 

expansion  to  terms  of  frequency,  gives  us  considerable  insight  Into  vlmt  the  proWems 
are.  Using  the  expansion  method  given  by  Tucker  and  Fannin  (7),  we  have  the  foUow- 
tog  esqiressira  for  tihe  phase  of  the  signal 


«(t)  e J*ds  Jds  M(f,t)  +-y  J*ds  N(?,t) 
g g g 


Here,  I is  the  position  vector,  and  g(t)  Is  the  nondlspersed  Itoe-of-sif^  or  geome^c, 
ray  path.  M is  foe  nradlsperslve  reactive  Index  given  to  terms  of  ®®®„ 

time.  t.  N is  the  electron  density  at  T and  t.  O is  a fonotlra  of  I,  t,  magnetic  field  H, 
and  N.  P is  a function  of  I,  H*,  N*,  and  N;  n is  the  refractive  index  of  the  electron 
cloud  at?  and  t{  and  P is  foe  actual,  refracted  ray  path. 
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From  this  approach  we  leant  that  the  chief  effect  in  the  phaae  delay  varies  as 
X (columnar  eleotron  density).  The  term  that  depends  on  f'^  involves  the  magnetic 
field  and  describes  fiie  rotation  of  the  plane  of  polarization.  This  is  a nonreciprocal 
effect  in  that  the  rotati<m  depends  on  tite  relative  direction  of  the  wave  propagi^on 
vector  and  the  magnetio  field.  The  term  in  f~^  is  complicated  because  it  applies  to 
higher  order  delay  terms  involving  both  the  eleotron  density  and  the  square  of  the 
magnetio  field  in  additicm  to  the  path  length  differential  from  ray  bending. 

This  last  effect  can  be  serious  at  the  very  hicdi  eleotron  density  encountered  for 
ray  paths  going  near  the  Sun.  At  this  time  it  may  be  prudent  to  keep  in  mind  the 
possibility  that  the  ray  pafiis  going  past  the  Sun  or  originating  near  the  Sun  can  be 
deflected  substantially  and  that  the  deflection  will  depend  on  the  signal  frequen^. 

The  columnar  eleotron  <tensity  is  measured  by  dual  firequenoy  techniques,  hi 
Figure  9 we  show  an  S-band  signal  that  is  phase  coherent  with  the  X-band  probe  clock 
down-link  signal.  The  output  of  this  signal  labeled  XSl  gives  the  one-way  S-band 
Oopider  information,  which,  when  compared  to  the  X-band  output,  El,  provide  the 
phase  difference 


A#xs(t)  N(f  , t) 


and  a measure 


ot^dB  N(f,ty, 


provided  that  P is  the  same  for  the  S-  and  X-band  nqrs. 


We  expect  that  dense,  rapidly  time-varying  eleotron  clouds  in  the  ray  pafii  will 
deflect  the  rays  at  the  two  widely  separate  i^quendes  sufficiently  to  prevent  an  accu- 
rate short-term  measurement  of  the  eleotron  density  in  the  actual  ray  path  whose 
Dcvpier  frequency  is  to  be  corrected.  However,  for  large  S(»le,  relatively  rndform 
eleobran  clouds,  two-frequency  data  are  essentiu  for  establishix^  the  averse  level 
or  bias  in  foe  imase  data. 


The  effects  of  foe  Earfo's  ionospheric  and  tropospheric  fluctuations,  as  mentioned 
earlier,  are  included  in  foe  fluotuatimis  attributed  to  foe  Earth  antenna.  The  iono- 
siherio  phase  bias  is  included  in  foe  columnar  eleotron  dmisity  measurement  imuie  hy 
use  d foe  two-freqqenoy  method. 


The  tropospheric  bias  is  not  so  easily  accounted  for  and  must  be  induded  in  foe 
interfuretaticm  of  foe  Dom)ler  data  to  obtain  accurate  range  information.  Several  models 
(8)  are  available  that  include  the  effect  of  barometric  pressure  and  humidity.  It  may 
even  be  necessary  to  make  measurements  of  foe  tropospheric  delay  during  the  tracking 
of  the  Solar  Probe  by  observing  signals  from  Earth  satellites  that  provide  ray  paths 
that  are  nearly  ooll^ar  to  those  from  the  probe.  The  global  posifioning  system  now 
under  deployment  (ultimately  involving  24  Earth  satellites  each  including  atomic  clocks 
that  transmit  time  signals)  may  be  very  usefol  for  this  purpose. 


Correlation  and  pattern  recognition  can  be  used  to  cope  with  the  short-term  ray 
path  variations.  However  fos  problem  is  not  so  simple  as  in  foe  oases  previously 
described  where  the  (ttsturbanoes  are  lorated  at  <me  end  or  foe  other  of  foe  transmission 
path.  Figure  IS  attempts  to  describe  the  effect  of  time-varying  blobs  of  Imiizatlon 
crossing  the  ray  path.  As  pictured  in  foe  figure,  the  scale  of  foese  disturbances  is 
small  oompsjted  to  the  li|Sd  time,  yet  large  enou^  to  corrupt  foe  aooura<ty  of  foe  data. 


*♦78 


^ U„e  o.  ap^o.  ^ 

S^ency  wlumnar  density  ^ P^®  ®^«ft 

tingnala.  to  «»  ,omo  mea^ 

ir j^s.«arrij“Sa»  ssix  u^to  .’srto 

of  Ecmation  B*  oion 

U da»rtoa.  toe  comtott.^*  P^e^o^^to 
of  spa<? time  where  toe^»  atty»g^g^  „P 

'JlHf  aSU  «««««“^‘  to  toe  upltoh  aad  dewtotok  dato 

will  differ.  . 

This  lUustration  also  shows  the  ®y  ®”®®" 

obtaSTw  toat  toe  random-le«l»<^^  can  eetlmate  toe 

correlation  tochniipies,  uatog^  to™  ^ moat  prominent  bl^ 

S^M'^^rToftS  r^STotlbe  contrumtion  to  toe  detoy. 

The  information  <>» 

can  be  very  helpful  In  allowing  us  to  ^wntta^  ^ jg  glao  ye,y 

Situations  that  result  In  the  highly  Ionized  regions  of 

S?5iy"S^wlU  W ■»to«ett  to^  Who  .tody  toe  eotor  corona. 

The  aytoem  to  Pl^re  9 

subtracts  one-half  the  two-v^  PP  aygtem  effectively  cancelled  the  ^5^^  P 

the  ehort-range  'S'^TSUtototo  t^a  tootadtog  toe  effect  of  aowtor^^ 

eation  effects  and  revealed  the  w»uvibw  solar  probe  scheme,  tne 

^d  etotton  owing  to  toe  Earto'e  tottol^-_  F”  1^0  MH.  end  ptovito 

system  will  serve  to  oanMl  one-wey  »d  two-way  signal  Itote.  * to 

a means  for  monitorlJ^  In  of  the  Sun,  besides  causing  a shift 

if  ta^st  to  note  that  the  cause  an  afdltlo^ 

toward  lower  frequencies  »®,^®^5?^f^^es  resulting  from  the  second-ordw  Dopier 

Tcomparable  magnitude  to  lo^rfr^  At  the  8-GHz  carrier  fre- 

reeche,  petoheUon. 

While  the  eyetem  desorlb^  above  to  m^  i^mSert^toere  to  otoo  toforma- 

C evtoU^to  .SnSZSvS  SSS  “»«a  dto.  e.  oh^jto 

time  correlation  of  the  trrosmltted  ^ <iue,  for  Instance,  to  the  solar 

be  used  to  obtain  tte  ^^on  of  the  four-link  aystem  descr&ed 

Si»tSTsi"il  iSchr^rtS^Sdl.^ gath^^^  of  additional  InformatKm  In 

the  range  mode. 
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The  goal  of  this  system  Is  to  provide  a means  of  obtaining  range  and  range«rato 
measurements  that  do  not  depend  on  l<mg->term  averages  of  fluotuattons  and  the  eon- 
sequent  limitation  In  the  number  of  unoorrolated  data  points.  This  is  psrtioularly 
important  for  a short-term  mission  going  very  close  to  the  Sun. 

ORAVITY  WAVES  AND  SOLAR  OSCILlATiONB 

The  structure  of  the  Sun  can  provide  a number  of  gravitational  signatures.  The 
obvious  objective  is  the  measurement  of  Jo«  In  addition  there  is  the  possibility  of 
observing  the  gravitational  efieot  of  2-  to  6-hr,  oscillations  of  the  Sun  that  have  been 
reported  from  optical  measurements  (9).  Furthermore,  as  K.  Nordtvedt  has  observed 
(10),  given  tracking  data  at  the  10'^^  level  and  very  accurate  drag  compensation,  we 
can  observe  the  effect  of  frame  dragging  owing  to  the  Sun's  angular  momentum.  If  we 
are  sufBoiently  confident  in  the  theory  toat  describes  this  effect  we  can  use  it  to  meas- 
ure the  solar  angular  momentum.  T^,  in  conjunction  with  the  shape  of  the  Sun's 
static  gravitation  potential  will  go  a long  way  toward  unraveling  the  mysteries  of  the 
Sun's  interior. 

Finally  we  look  at  the  quest  for  gravity  waves  and  the  possibility  detecting  the 
Doppler  shifts  ci  signals  betwemi  spaoeoraft  as  described  hy  Thome,  Wahlquis^ 
Estabrook,  Davies,  and  Braginsky  using  a transponded  microwave  tracking  signal  (11, 
12, 13).  figure  14  shows  the  behavior  of  the  four-link  system  fCr  a gravity  wave 
propagating  at  a 60*  angle  to  the  Earih-probe  vector,  fe  it  we  see  the  usutd  Earth 
two-way  signature  given  in  earlier  references.  In  addltian,  we  have  other  manifedta- 
ttons  of  the  gravity  wave  showing  as  two  pulses  in  the  one-way  systems  and  a 
reciprocal  set  of  data  taken  abot^  the  probe  that  have  a unique  time  relation  with  the 
Earth  data.  Figures  15  and  16  show  the  results  of  gravity  waves  crossing  the  Earth 
probe  vector  at  90*  and  at  30*  and  illustrate  the  amplitude  time  relationahip  of  signals 
in  the  four  Doppler  links. 

THE  APPLICATION  OF  THE  TECHNIQUE  TO  THE  SOLAR  PROBE  MISSION 

There  are  obviously  a large  number  of  objectives  for  a mission  that  would  go  near 
the  Sun  and  it  is  likely  that  these  objectives  will  not  all  be  oompat^e  in  a single  space- 
craft. It  seems  clear  to  us  that  the  measurement  of  J2  the  Sun  will  necessitate  a 
drag  compensation  system  and  that  the  measurement  will  require  accounting  for  the 
relativistic  parameters  (3  and  y.  At  presmit,  there  does  not  iq>pear  to  exist  a clear 
consensus  as  to  the  relation  between  tracking  accuracy  (eitoer  in  position  or  velocity), 
the  level  of  drag  compensation,  and  the  statistioal  methods  used  to  evaluate  the  results 
of  such  a mission.  We  expect  that  a clarlfioation  of  this  (nroblem  will  soon  result  from 
further  study. 


HARDWARE  CONSIDERATIONS 
Summary  of  Telecommunications  Requirements 

The  Solar  Probe  requires  telecommunications  support  for  the  following: 

(a)  Routine  spaoeoraft  tracking  and  navigation, 

(b)  Command  fUnotians, 

(0)  Telemetry. 
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lUastxatioii  of  gr«rlty-we  al^twe 
for  a 4-Uak  corralated  ayataa  6 • 30 


In  acbUtion^  the  time>conelated  tracking  eiqjerlment  requires  t 

(d)  Precision  X>t>and  two-way  tracking, 

(e)  Measurement  of  columnar  electron  density. 

spacecraft  systems  have  not  yet  been  defined, 
we  will  Crider  that  Amotions  a,  b,  and  e are  performed  by  S-  and  X-bsnd  dual  ^ 

to  that  used  <m^the  Viking  nSsSs.  This 

tohl  f ® simplified  block  diagram  in  Figure  ITtenot  coSted 

to  be  a part  of  the  present  experimental  payload. 

Jf.  together  with  the  an  board  maser  clock,  is  the  heart  of  the  aravitv 
^q>exlmmt.  The  two-way  tracking  concept  shown  in  simplified  form  in  Fiaure  18  cm 
slats  of  ^ two-way  Doppler  tracking  loo^,  one  originaS^Sd  tto 

ground  station  a^  the  second  originating  and  terminating  at  the  spacecraft,  foherent 

ability  to  make  comparisons  between  the  spacecraft  maser 

^ ®®®®  ^ “®®®>^  frequency  Is  trJSsSd  foSST 

to  the  spacecraft,  and  in  the  other  case  from  the  spacecraft  to  the  ground 

ft  should  be  noted  that  it  is  possible  to  merge  the  spacecraft  and  the  exnevimeTif 
dS^ted®  ^ substantial  weight  md  powe? sa^.  m 

sltustton  emDlQjrtng  separate  aid  dtetiiiet  hai«^  to 

Overall  System  Deaign 

From  ij^re  18  It  can  be  seen  that  the  four-link  Doppler  traokine  svstem  1a 

tracking  loops,  the  uploop  and  the  downloop.  looo 
can  be  considered  a cmventional,  two-way  Doppler  traokinff  svstem  in  whtnh  *tiA  ^ 

^^rent  range  rate  of  the  spacecraft  is  determined  by  comparine  the  transmitted 
^ ^ range-rate  computation,  correcting  for  the  freqaeiuqr 


tee 

^ «oet«d^Tfrei;n^  rtum'^u'sl^lto  » 

rroelver  and  the  local  oscillator  of  this  rewiver  IsSe-S^SdK^J^^ 


The  downloop  orlgtoatea  at  the  maeer-controUed  clock 
spacecraft  aiwi  continues  to  tiie  ground  station  repeater  receiwr  In  tto  yrond 
l£  local  oscillator  of  the  repeater  receiver  phase-locks  to  the  received 
this  frequency  to  compared  with  the  ground  station  m^r  frequencq^  n^e  a “^d 
clock  caparison.  The  repeater  receiver  local  oscillator  also  controls  the 
frequency  of  the  ground  station  repeater  transmitter.  The  c^put  repeater  trans- 
mi£r  to  received  back  on  the  spacecraft  and  the  local  oscillator  of  tim  downloop 
receiver  looks  to  the  reoeiv^  camcier  frequency.  A second  range-rate  measurement 
to  made  comparing  the  frequency'  witii  the  spacecraft  clock  downlink  freqpien^. 


For  short-range  applioati<ms  the  two  olo<dc  comparisons  and  tiie  two  roj^-rate 
measurements  shown  In  Figure  18  are  clearly  redundant.  Howewr.  m shown  wUer 
tor  deep-space  protes.  tiie  two  set  of  measurem«ats  provide  d^  that  aro 
/ipTi*  and  that  contain  information  about  the  clocks,  tiie  electronics,  and  the  transmission 
medium,  which  cannot  be  extracted  in  any  other  way. 


The  transmitter-receiver  pairs  in  the  spacecraft  and  the  ground  stotions  have 
deliberately  not  been  labeled  as  •’transponders.  ” As  will  be  shown  In  tte  ne^  sewon, 
the  proposed  devices  are  much  simpler,  and  Inherently  more  phase  stable,  than  the 
oonvmitional  multiple-use  transponder  used  in  tiie  U.  S.  B.  system. 


Spacecraft  System 

Figure  19  to  a block  diagram  of  the  spacecraft  terminal  for  the  proposed  gravl^ 

experiment.  The  maser  oscillator  generates  a low-level  (-100  dBnO  sipal  at 

1420. 405  MHz  j the  maser  receiver  provides  standard  stohals  at  usable  l^ls  ^ phase- 
locking  a 100-MHz  crystal  oscillator  to  the  maser  output.  The  first  local  oscii^r 
frequenqy  in  tiie  maser  receiver  to  1400  MHz.  And  multiplying  this  freq«^<^  8 in 
the  frequency  multiplier  provides  an  extremebr  stable  drivix^  signal  for  tiie  clock 
downlink  transmitter.  The  output  ci  the  transmitter,  2 W at  8400  MHz,  to  coupled  to 
the  spacecraft  antmma  throuidx  the  multiplexer. 


The  8400-MHz  signal  from  the  maser  receiver  to  also  fed  to  the  spacecraft  clock 
comparator.  A sample  of  the  8600-MHz  local  oscillator  from  the  clock  uplink  receiver 
is  the  other  Input  to  the  comparator.  The  output  of  the  clock  comparator  to  a ^asure 
of  the  apparent  one-  way  range  rate,  including  first-  and  second-order  relativistto 
effects.  These  data  are  digitized  and  transferred  to  the  spacecraft  telemetry  system. 


The  downloop  repeater  receiver  completes  tiie  (fewnloop;  Figure  20  is  a simplified 
blodc  diagram  of  this  receiver.  The  nominal  100-MHz  VCXO  to  multiplied  ^ to 
8900  MHy.  In  the  i^quency  multiplier  (diain  and  then  mixed  with  the  incoming  8850-MHz 
signal  to  generate  a 50  MHz  IF.  The  VCXO  frequency  to  divided  by  2 to  produce  a 
50-MHz  phase  detector  reference;  the  output  of  the  phase  detector,  In  turn,  lomce  the 
VCXO  to  the  incoming  carrier. 

A sample  of  the  8900-MHz  first  lO  frequency  from  the  downloop  receiver  to  fed 
to  tiie  Doppler  extractor  to  be  compared  with  the  clock  downlink  frequency.  The 
Doppler  extractor  computes  the  apparent  range  rate  of  the  vehicle  toe  ti^w^ 
Dopider  shift  of  the  received  carrier,  digitizes  the  data,  and  transfers  the  data  to  the 
spacecraft  telemetxy  system. 


Figure  19 ♦ Spacecraft  X-band  terminal. 


The  repeater  receiver,  shown  in  block  diagram  form  in  Figure  21,  is  also  oou(ded 
to  the  antmma  through  the  multiplexer.  The  receiver  local  oscillator  is  phase-looked 
w the  incoming  uplink  carrier,  which,  in  turn,  is  referenced  to  the  grou^  maser. 

The  first  local  oscillator  frequency  is  8500  MHz  for  a nominal  uplink  frequency  of 
8950  MHz.  The  8500-MHz  signal  is  generated  by  multiplying  the  lOO-MIfe  output  of 
the  voltage-oontrolled  crjrstal  oscillidor  (VCXO)  85  in  the  frequency  multli^er  chain. 
The  8500-MHz  output  cA  the  frequency  multiplier  chain  is  split,  isola^,  and  amidlfied 
to  feed  both  the  receiver  first  mixer  and  fee  input  to  the  repeater  transmitter. 

The  first  IF  frequency  is  450  MHz  and  mixing  wife  fee  second  LO  frequency  ct 
500  MHz  (also  generated  by  the  multiplier  chain)  produces  a 50  MHz  second  IF.  The 
50-MHz  phase  reference  for  fee  phase  detector  is  gmierated  by  dividing  fee  VCXO 
frequency  fay  2 in  fee  frequency  (fivider.  The  DC  output  of  the  {dtase  detector  is  fed 
back  to  fee  electronic  tuning  port  of  the  VCXO  to  steer  the  oscillator  into  phase 
coherence  wife  the  received  signal. 

The  repeater  transmitter  amplifiies  fee  8500-MHz  signal  from  fee  clock  upliuk 
receiver  to  a 2-W  level;  this  signid  is  femi  coupled  to  fee  common  antenna  feroucfe  fee 
spacecraft  multiplexer. 

Note  feat  feis  proposed  design  for  fee  uploop  repeater  minimizes  fee  phase  ncdse 
and  phase  drift  contilbutlcais  from  the  clock  uplink  receiver  and  the  repeater  downlink 
transmitter.  Virtually  all  components  of  fee  loop  are  within  fe?  phase-lock  loop; 
phase  errors  in  the  IF  amplifiers,  frequency  multiidiers,  and  phsuse  detectors  are 
corrected  ty  fee  gain  of  tim  loop.  No  specM  envirmimental  conditioning  for  the 
repeater  loop  compcments  should  be  necessary  in  order  to  satisfy  fee  phase  stability 
requirements  of  the  e:q>erlment. 

Ground  System 

Figure  22  is  a block  diagram  ot  the  ground  terminal  for  fee  proposed  relativity 
experiment.  The  ground  station  is  functionally  idmitioal  to  the  spacecraft  ternUnal 
described  in  the  previous  section,  except  for  fee  transmitter  and  receiver  ^quencfies. 
Note  that  the  clock  uplink  transmitter  output  frequency  is  determined  fay  a programmable 
digital  synthesizer,  referenced  to  fee  ground  maser,  to  permit  firequency  sweepb^  ci 
the  transmitter  during  the  aoquisiti<m  (base. 

From  all  appearances  the  combination  of  (irobe  dynamics  and  possible  solar 
eruptianA  can  bring  about  very  hi|b  rates  of  change  of  Doppler  frequency.  Therefore 
the  (base-lock  loop  bandwidfes  in  the  spacecraft  and  ground  station  terminals  must  be 
made  wide  enough  to  permit  accurate  tracking  and  avoid  loss  of  look.  Wideband  loops 
are  inoom()atifale  wife  hi^  signal-to-noise  ratios  in  the  loop  bandwidth.  One  a(^roaoh 
to  resolving  the  two  mutually  oontradiotory  reqatremmits  of  wide  bandwidth  for  accu- 
rate tracking  of  rapidly  accelerating  spacecraft  and  narrow  bandwidth  for  hi^  slgnal- 
to-nolse  in  fee  loop  is  illustrated  in  Figure  22.  The  clock  u(ilink  transmitter  frequency 
and  fee  repeater  receiver  frequency  are  determined  by  frequency  synthesizers,  which 
in  turn  are  oomputer-oontroUed.  The  station  computer  is  programmed  with  the  predicted 
vehicle  trajectory  as  a fonotion  of  real  time  (e(x>oh)  so  that  fee  transmitter  and  receiver 
frequencies  are  step()ed  to  minimize  fee  loop  stress  in  fee  S(>aoeoraft  repeater  and  fee 
ground  station  repeater  receivers.  The  ccmcept  can  easlty  be  extmided  to  reduce  fee 
loop  stress  in  all  fojtr  system  receivers. 
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Figure  21.  Block  dlagrea  of  epeeeereft  trennitter 


MULTIPLEXER 


Figure  22.  Blc<:k  diagram  of  ground  station  X-band  te: 


This  combination  of  open-loop  and  olosed-loop  phase  tracklug  can  yield  almost 
optimum  performance^  but  the  synthesizers  must  be  designed  to  maintain  phase 
coherence  and  phase  continuity  throughout  the  firecpienoy  switching  cycle,  hi  addition, 
the  computer  must  keep  track  of  each  cycle  of  phase  throughout  the  critioal  phases 
of  the  mission,  factoring  In  the  variations  in  the  rate-of-change  of  phase  caused  by  the 
open-loop  tracking  system. 

Signal  Margins 

It  is  possible  at  this  time  for  us  to  provide  only  crude  estimates  of  signal-to-noise 
ratios,  and  therefore  of  received  carrier  factional  frequency  stability,  hi  the  foUow- 
ii%  tables  we  have  assumed  the  use  of  the  26-m  DSN  antennas  with  very-low-noise 
(25  K)  receivers  at  X-band  (8800  MHz).  We  have  further  assumed  that  relatively 
narrow  loop  band  widths  are  adequate,  either  because  of  the  geometry  of  the  trajectory 
at  solar  encounter,  or  because  open-loop  tracking  has  reduced  the  loop  stress.  To 
estimate  the  contribution  of  solar  noise  at  encounter,  we  have  assumed  a geometry 
that  places  the  spacecraft  at  an  apparent  angular  separation  of  4 solar  racUi  from  the 
cotter  of  the  solu  disk  (2. 0*).  A solar  nc^e  model  that  assumes  a noise  temperature 
of  10^  K within  the  solar  disk^  which  drops  abruptly  to  cosmic  background  levels  at  the 
limb,  has  been  used  to  estimate  the  effeottve  notee  temperature  of  the  26-m  antennas 
at  solar  encounter.  The  computed  value  is  shown  in  Table  1,  \^oh  lists  tite  oompements 
of  the  signal  margin  estimate  at  a range  of  1 AU  for  the  clock  downlink.  No  allowance 
has  been  made  for  solar  atmos{diere  scattering  and  polarization  losses. 

Table  1 also  shows  a similar  calculation  for  the  range  at  the  superior  conjimction  of 
Jupiter  (range  is  9. 3 X 10°  km).  The  system  parameters  are  similar  to  the  first  case, 
except  for  a lower  effective  receiver  temperatere  and  a narrower  loop  bandwidth. 

Tracking  Operations 

Tracking  operations  for  the  solar  probe  can  utilize  existing  DSN  praoUoe  and 
technique.  Since  the  critical  phase  of  the  solar  encounter  is  approximately  19  hours 
in  dun^on,  it  will  be  necessary  to  hand  off  control  between  DSN  tracking  stations.  In 
order  to  accomplish  tee  transition  without  loss  of  phase  information,  it  is  necessary 
to  provide  simultaneous  traddi^  of  the  spacecraft  by  both  ground  stations  before  hand 
off.  One  station  will  be  traddng  in  a two-way  mode,  the  second  station  in  the  reoeive- 
only  three-way  mode.  At  this  point,  the  situation  is  very  similar  to  a VLSI  eiqperi- 
ment;  the  frequency  ({diase)  of  tee  onboard  maser  is  compared  to  each  of  the  ground 
masers  and  tee  two  ground  masers  are  intercompaxed  throucdi  the  clock  links  to  tee 
spacecraft.  At  the  appropriate  time,  the  second  station  will  assume  uplhdc  control, 

phase  continuity  in  the  transition  ensured  by  tee  continuous,  unbroken,  phase 
comparisons  of  the  three  masers. 


CONCLUSIONS 

The  concept  oi  simultaneous  one-way  and  two-way  tracking  by  using  similar  ter- 
minals at  bote  ends  of  tee  interval  of  space  time  lying  between  a pair  of  spacecraft  or 
between  Earth  and  a spacecraft  provides  a meteod  to  extremt  a very  luge  amount  of 
information  about  the  structure  of  space  time  and  the  propagation  medium.  Such 
information,  when  obtained  from  a deep-apace  mission  such  as  a Solar  Probe,  will  be 
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of  gi'eat  interest  in  the  search  for  gravity  waves,  particularly  during  the  very  long 
drift  phase  before  solar  encounter.  During  the  solar  encounter  and  while  the  drag-free 
syatem  is  operating,  we  would  use  the  system  to  "sleuth"  out  and  determine  the  origin 
of  the  many  systematic  variations  expected  in  the  Doppler  phase  and  reduce  substantialiy 
our  dependence  on  a priori  models  and  data  averaging  and  filtering  process ')S.  This 
will  permit  us  to  measure  Doppler  shifts  that  are  of  gravitational  origin,  ah  as  the 
solar  quadrupolc  moment,  solar  oscillations  and  relativistio  gravitational  effects. 

We  believe  that  the  system  we  have  described  is  oompletoly  feasible  and  does  not 
signifloantly  stretch  the  state  of  the  art  of  clocks  and  microwave  teohnicAtes. 
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DETECTipN  OF  GRAVITATIONAL  RAOUTION  AND  OSCILLATIONS 
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Rochestar,  New  York  14627 

ABSTRACT 

The  magnitude  of  Doppler  signals  produced  by  gravitational  wave 

bursts,  continuous  gravitational  waves,  and  oscillations  of  the  Sun 

Interacting  with  a spacecraft  are  considered.  Expressions  are  worked 

out  for  the  appropriate  noise  entering  each  measurement.  The  noise 

sources  considered  are  the  Doppler  extractor,  fluctuations  in  the 

solar  wind  and  the  troposphere,  and  fluctuations  in  the  reference 

oscillator.  With  a single  (X-band)  frequency  tracking  system  it  is 

suggested  that:  gravitational  bursts  with  h 10  and  duration 

2 

t 10  sec  can  be  detected;  contlnuotis  gravitational  waves  with 
—17 

h % 10  can  also  be  measured;  and  the  oscillating  uolar  quadrupole 
moment  (dls^nsionless)  can  be  detemlned  if  its  value  is  of  the  order 
of  10  It  is  also  suggested  that  the  tropospheric  fluctuations  can 
be  measured  in  an  axixlllary  experiment  and  subtracted  from  the  Doppler 


Introduction 


My  original  purpose  In  presenting  this  paper  at  the  Solar  Probe 

Workshop  was  to  call  attention  to  the  possibility  of  detecting  continuous 

gravitational  radiation  by  Doppler  tracking  of  spacecraft.  The  possibility 

of  detecting  gravitational  radiation  by  Doppler  tracking  has»  of  course. 

been  considered  previously  In  a number  of  papers  (Estabrook  and  Wahlqulst. 

1975;  J.  D.  Anderson.  1974;  Wahlqulst  et  al».  1976;  A.  J.  Anderson.  1971 

and  1977;  Thome  and  Braginsky.  1976)  and  by  Thome  and  Estabrook  at  this 

meeting.  With  the  exception  of  A.  J.  Anderson  (1977).  the  general  thrust 

of  these  studies  was  directed  toward  the  possibility  of  detecting  bursts 

or  Isotropic  Incoherent  waves.  Thus  my  remarks  are  Intended  to  complement 

those  of  Thome  and  Estabrook.  The  apparent  lack  of  enthusiasm  for 

continuous  waves  is  probably  based  on  the  fact  that  the  sensitivity  level 

that  can  be  easily  achieved  is  not  good  enough  to  detect  any  presently 

known  source.  However,  the  candidate  pool  for  potential  sources  (binary. 

rotating,  and  vibrating  stars)  is  very  large.  This  sensitivity,  which 

Is  "not  good  enough"  can.  in  fact,  be  at  the  10  level  of  dimensionless 

amplitude  h.  To  my  knowledge,  there  has  never  been  a systematic  search 

for  continuous  gravitational  radiation  in  the  frequency  band  available  to 

-4  -1 

the  Doppler  tracking  system  (10  to  10  Hz).  I would  guess,  though, 
that  if  the  amplitude  were  as  large  as  10  . that  it  could  not  have 

escaped  detection  by  Influencing  some  other  experiment.  (Again.  I exclude 
A.  J.  Anderson  these  last  remarks.  I shall  discuss  his  work  later  in  the 
paper.)  Astronomy  and  astrophysics  are  constantly  full  of  surprises  - 
estimates  of  the  magnitudes  of  quantities  are  very  often  In  error  by  many 
orders  of  magnitude.  Whenever  a new  apparatus  Is  developed  which  is  many 
orders  of  magnitude  better  than  its  predecessor,  one  should  turn  it  on 
and  find  out  what  signals  it  sees.  The  Doppler  tracking  systems  proposed 
for  future  space  flights  could  be  such  Instruments. 

In  the  processes  of  calculating  the  magnitude  of  the  Doppler  signal 
produced  by  continuous  gravitational  waves  and  estimating  the  associated 
noise.  I was  also  forced  to  consider  the  problem  of  the  detection  of 
gravitational  burst  signals.  I show  below  that  the  "Allan  variance", 
which  Is  commonly  used  to  estimate  the  noise  amplitude  that  competes 
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with  the  gravitational  buret  amplitude,  overeetlmatea  the  noise  amplitude 
by  a factor  which  can  be  as  large  aa  7.5.  This,  I believe,  is  good  news 
since  the  estimates  of  the  strength  of  the  burst  sources  are  only  about 
an  order  of  magnitude  below  what  was  thought  to  be  the  noise  in  the 
Doppler  tracking  system. 

I make  the  pedagogical  point  in  this  paper  that  since  the  Doppler 
tracking  system  measures  phase,  all  measurable  quantities  should  also 
be  expressed  in  terms  of  the  phase,  and  I have  done  so.  It  follows 
that  all  sources  of  noise  should  also  be  described  in  terms  of  phase; 
this  Includes  the  reference  oscillator.  This  means  that  the  (now 
discredited)  "Allan  variance"  definition  of  burst  noise  is  not  needed. 

In  this  paper,  I explicitly  define  the  phase  noise  associated  with 
the  detection  of  burst  and  continuous  wave  signals.  Quantitative 
expressions  for  these  definitions  are  worked  out  for  the  noise  from  the 
Doppler  extractor,  the  solar  wind,  the  troposphere,  and  the  reference 
oscillator.  At  this  Workshop  and  elsewhere,  Vessot  has  suggested  that 
the  fluctuations  in  the  solar  wind  can  be  measured  and  subtracted  from 
the  Doppler  signal.  In  a similar  way,  I suggest  that  the  tropospheric 
fluctuations  can  be  measured  in  an  auxiliary  experlmoit  and  also 
subtracted  away.  This  is  discussed  below. 

Lastly,  after  my  talk  at  this  Workshop,  Ian  Roxburgh,  Kenneth 
Nordtvedt  and  1 discussed  the  possibility  of  detecting  the  gravitational 
radiation  from  the  Sun  if  it  is  vibrating  with  an  amplitude  as  large  as 
is  implied  by  the  measuremeuts  of  Hill  and  others.  We  decided  that  this 
would  not  be  feasible  because  the  spacecraft  would  not  be  in  the  wave 
zone  of  the  radiation.  At  this  point  in  the  conversation,  it  became 
obvious  to  us  that  a vibrating  Sun  would  produce  "ordinary"  time  varying 
Newtonian  fields  which  would  produce  forces  on  the  spacecraft  which  might 
be  large  enough  to  be  detected.  A colleague  of  mine,  Warren  Johnson,  and 
I proceeded  to  work  out  the  order  of  magnitude  of  the  effect.  Our  rough 
calculations  Indicate  that  if  the  dimensionless  oscillating  quadrupole 
moment  of  the  Sun  is  as  large  as  10“^  that  it  can  be  detected.  This 
very  exciting  prospect  Is  discussed  below* 
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I. 


Signals  from  the  Doppler  Tracking  Svatam 
A*  The  Doppler  Tracking  System 


In  the  simplest  form  of  a Doppler  tracking  system,  an  electromagnetic 
signal  of  frequency  Is  transmitted  from  the  Earth  to  a spacecraft  which 
transponds  It  back  to  Earth.  The  received  signal  v(t)  will  differ  from 
due  to  the  motion  of  the  spacecraft  and  will  consequently  vary  with 
time.  The  difference  frequency  f(t)  is  defined  as 

f(t)  - v(t)  - 

The  signal  v(t)  Is  usually  detected  In  a circuit  whose  output  yields 
the  phase  ^(t) 

♦ (t)  - 2./f(.)dt  (l.j, 

Th.  relative  velocity  v(t)  of  the  spacecraft  la  related  to  f(t)  vU 
the  Doppler  effect 


^ 

c V 

o 

Thus  the  phase  can  be  expressed  as 


(1.3) 


2irv 

^(t)  - _^yV(t)dt 

Also,  the  range  r(t)  is  given  to  within  an  additive  constant 
can  be  known)  by 


(1.4) 

(which 


t(t)  - J*v(t)dt  ^ 

Thus  one  can  express  the  phase  directly  in  terms  of  the  range 

2irv 

♦(t)  “ “7-^  t(t)  ( 

B.  Gravitational  Wave  SlgnAia 

Eatabrook  and  Wahl, el. t (1975).  «M>ng  other.,  hav.  calculated  the 

influence  of  e gravitational  wave  of  dinenalonleae  amplitude  h(t)  on  the 

Doppler  tracking  signal.  They  find  that,  for  optimum  polarltatlon  and 
orientation, 


h(t) 


(1.7) 
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[There  Is  a factor  sin  ('ll)  multiplying  the  right  hand  aide  of  (1.7) 
which  I have  set  equal  to  1;  r is  distance  to  the  spacecraft  and  Xg 
is  the  wavelength  of  the  gravitational  wave.]  Thus  the  Influence  of 
the  gravitational  wave  on  the  phase  is  given  by 

♦ <t)  » 2irv^/h(t)dt  (1.8) 

There  are  two  kinds  of  gravitational  waves  - bursts  and  continuous 

waves. 

1.  Gravitational  Wave  Bursts 

These  are  the  signals  from  gravitationally  collapsing  objects  that 
Thome  and  Estabrook  discussed  at  this  workshop  (see  Thome  and  Braginsky » 
1976).  These  signals  are  characterised  by  a change  in  amplitude  h^  which 
occurs  during  a characteristic  time  Douglass  and  Braginsky  (1978) 
give  expressions  which  yield  the  order  of  magnitude  of  in  terms  of 
the  mass  M 


Tv  - (2  X 10’^  sec)(^  ) 


'Mo' 


and  the  amplitude  in  terms  of  t. 


h,  * ^ E-  - 1.0  . 10-* 


(1.9) 


(1.10) 


idiere  R is  the  distance  to  the  object  and  E is  the  efficiency  for  converting 
gravitational  radiation.  These  sloiple  expressions  yield  estimates 
that  are  comparable  to  those  of  Thome.  (For  example,  if  M 3;  10^  . then 

i\.  2 X 10  sec.  This  object,  placed  at  R 3 x 10  pc,  produces  an 
h^  3?  7 X 10  for  an  efficiency  factor  E - 0.01.)  The  relation  between 
the  burst  amplitude  hj^  and  the  resulting  change  in  phase  is  obtained 
from  (1*8) 


2irv  t. 
o b 


(1.11) 


The  smallest  h^^  that  can  be  measured  is  determined  by  the  phase  noise 
entering  Into  the  measurement  of  This  will  be  considered  below. 


2.  Continuous  Gravitational  Waves 


Continuous  gravitational  radiation  can  be  produced  by  vibrating 
and  rotating  stars  and  by  binary  stars.  Since  50%  of  the  stars  In  our 
galaxy  are  thought  to  be  binary*  there  Is  potentially  a very  large 
number  of  sources.  Approximately  3000  eclipsing  binaries  are  known* 
several  hundred  of  which  are  known  well  enough  to  have  had  their 
orbital  elements  determined.  Both  neutron  stars  and  white  dwarf  stars 
can  be  excited  Into  modes  of  oscillation  which  would  be  expected  to 
relax  by  emitting  gravitational  radiation.  A continuous  wave  source 
would  be  characterized  by  an  amplitude  h^  and  a frequency  f^ 

h(t)  - h (1.12) 

c 

where  f Is  expected  to  be  In  the  very  low  frequency  band  (10  ^ to  10  ^ Hz)* 
c 

which  Is  the  band  In  which  the  Doppler  tracking  system  Is  most  sensitive. 

•20 

The  largest  h^  among  known  sources  Is  ''»10  . (See  Douglass  and  Braglnslqr 

(1978)  for  a comprehensive  review.)  One  can  only  speculate  about  unknown 
sources.  However,  as  mentioned  above*  50%  of  the  stars  In  our  galai^  are 
binary*  but  only  'v3000  have  been  well  studied;  and*  of  course*  these  were 
not  selected  on  the  basis  of  their  gravitational  properties.  The  continu- 
ous waves  will  produce  a phase  signal 

^(t)  ® (1.13) 

The  relation  between  4 and  h Is  obtained  from  (1.08) 

c c 

f 

h - ♦ (1.14) 

C V ^c 

o 

The  smallest  h that  one  can  detect  Is  again  determined  by  the  phase  noise 
c 

entering  the  measurement  of  This  will  obviously  be  different  from  the 

estimate  of  phase  noise  for  bursts.  This  calculation  will  be  done  below. 

C.  Signals  Induced  by  Oscillations  of  the  Sun 

One  of  the  Important  topics  of  this  Workshop  Is  the  possibility  of 
measuring  the  static  quadrupole  moment  of  the  Sun.  The  discussions 
suggest  that,  with  a probe  that  passes  within  4 RqoI  the  Sun*  values  of 
the  dimensionless  quadrupole  parameter  of  the  order  of  10  could  be 


measured. 


For  a probe  that  cornea  thle  close  to  the  Sun»  one  might  expect  that 

•5 

1£  the  Sun  le  vibrating  In  modes  with  fractional  amplitudes  of  10  as 
the  work  of  Hill  et  al.  (1976)  and  Severny  et  al.  (1976)  suggests*  then 
an  oscillation  In  the  position  of  the  spacecraft  at  the  vibrational 
frequency  of  the  Sun  might  be  detected.  The  lowest  modes  which  would 
couple  to  a spacecraft  are  the  quadrupole  modes.  Following  a calculation  of 
Johnson  and  Douglass  (1978)*  the  potential  for  the  Sun  for  this  case  can  be 
expressed  as 


V(r8*e,^*t) 


55J 


l + Jj* 


(1.15) 


where  r Is  the  distance  from  the  Stm  to  the  spacecraft*  MqIs  the  mass  of 
the  Sun*  RqIs  the  radius  of  the  Sun*  u>2  Is  the  vibrational  frequency  of 
the  Sun*  and  J2'  Is  the  dimensionless  amplitude  of  the  oscillating  quadru- 
pole moment.  The  oscillating  potential  will  modulate  the  position  of  the 
spacecraft  as 

r(t)  - r^  e^2t  (1.16) 


which  In  turn  produces  an  oscillation  in  the  Doppler  signal  of 


♦ (t) 


♦2  ® 


l<i)2^ 


(1.17) 


The  amplitude  of  oscillation  at  the  distance  r is  easily  related 

8 


to  J2' 


-4 


(1.18) 


where  6 • 0 has  been  chosen  as  a reference  direction.  The  order  of  magni- 
tude of  some  of  the  reported  vibrational  periods  that  have  been  reported 
(Severny  et  al.  * 1976)  are  ''*2  hrs.  So  for  r^  • 4 8q 

4 


(v) 


(1.19) 


where  T2  • (2ir)/w2. 

Johnson  and  Douglass  (1978)  have  estimated  the  order  of  magnitude 

of  Jj’ 
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(1.20) 


where  the  magnitude  of  the  displacement  of  the  vibrating  Sun  at  Ita 

surface.  This  calculation  was  for  a polytrope  (n  - 3)  modal  of  the  Sun 
and  follows  the  method  of  Cowling  (1941).  If  the  observations  of  Hill  at  al. 
(1976),  Severny  et  al.  (2976),  and  others  are  interpreted  as  laq>lylng 

10  , then  Jj'  'w  10  , which  Is  comparable  in  magnitude  to  values 
expected  for  the  static  Sun.  The  phase  amplitude  displacement 

aiq>lltude  r^  are  related  according  to  Equation  (1.6) 

'2  • 2?;r^2  (1.21) 

o 

The  phase  nci.se  associated  with  the  measurement  ^2  wlU  be  estimated 

below. 

11*  Nblse  In  the  Doppler  Tracking  Svstmn 

In  order  to  determine  the  detectability  of  the  signals  discussed 
above,  one  must  estimate  the  phase  noise  associated  with  that  measurement. 

One  of  the  objectives  of  this  paper  Is  to  show  that  the  phase  noise  depends 
on  what  measurement  is  being  made.  The  various  sources  of  phase  noise 
include:  the  Doppler  extractor,  fluctuations  of  the  solar  wind,  fluctua- 

tions in  the  troposphere,  noise  in  the  transponder  and  receiver,  and  noise 
in  the  reference  oscillator  which  is  used  In  the  comparison  measurement  of 
the  Doppler  signal.  There  are  perhaps  other  sources  that  I have  forgotten. 

I will  not  discuss  all  of  the  sources  of  noise.  Instead  I wUl  work  with 
those  most  commonly  discussed  so  as  to  illustrate  the  orders  of  magnitude 

of  the  effects  and  to  show  the  differences  among  the  various  types  of 
measurements . 

A.  The  Doppler  Extractor 

The  phase  noise  due  to  the  Doppler  extractor  9^^  Is  frequently 
expressed  in  terms  of  a fraction  of  a cycle  of  phase” 

^nd  “ (2.1) 
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The  fraction  n for  present  Doppler  systems  Is  'vio 


There  exists  a 


system  called  Occultatlon  Data  Assembly  (ODA)  which  should  have  n % 10 
There  Is  no  reason  why  values  of  n 10  ^ could  not  be  achieved  If  that 
Is  deemed  necessary. 

B.  Phase  Noise  which  Is  Characterised  by  a Spectral  Densit 


1.  The  Spectral  Density 

With  the  exception  of  the  Doppler  extractor,  almost  all  the  rest 

of  the  phase  noise  can  be  characterized  by  a spectral  density  of  phase 

fluctuations  S.(f).  (The  Doppler  extractor  can  be  described  by  a spectral 
♦ 

density  if  necessary.  This  is  discussed  below.)  Furthermore,  the  spectral 
density  frequently  follows  a power  law  in  f. 


(2.2) 


The  index  S is  characteristic  of  the  particular  noise  process.  For 
example,  both  the  solar-wind  and  tropospheric  fluctuations  are  described 
quite  well  by  an  index  close  to  B » 2.6. 

2.  Definition  of  Phase  Noise 

As  mentioned  above,  the  amount  of  phase  noise  depends  on  the  measure- 
ment. 1 will  now  proceed  to  define  and  evaluate  the  phase  noise  associated 
with  different  measurements  assuming  the  spectral  density  given  by  (2.2). 

a.  Bursts.  If  one  la  detecting  a burst  signal  characterized 
by  a change  in  phase  which  occurs  over  a time  interval  (for  example,  the 
gravitational  wave  burst  signal  given  by  (1.11)),  then  the  appropriate 
phase  noise  against  which  to  compare  the  signal  is  given  by 


S^(f)df 


(2.3) 


The  lower  frequency  limit  is  given  by 


and  the  upper  frequency  limit  should  be  at  least  10  times  the  lower  frequency  in 
order  to  resolve  the  burst.  For  the  power  law  expression.  Equation  (2.3) 
becomes 
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* ‘"(7^)  . « - 1 


*■*  (f*“*  ' f*"!  ) ' ® * ^ 


(2.4a) 


(2.4b) 


(2.4c) 


9-1  » 6 ^ 1 


(2.5) 


■>•  Contlau...  w«.,.  ,0,  , contlnuoM  wv. 
tr.,u,„c,  th.  .pproprut.  ph™.  „,i..  p p. 


*.♦1^ 

f %(o« 

'c-f 


where  Af  is  the  bandwidth  of  the 


measurement.  Assuming  Af  < f 


♦nc  ^ S (f  )Af 


If  one  integrates  for  a time  t,  then 


Af  55:  4r 


(2.6) 


(2.7) 


(2.8) 


’nc  2t 


For  the  spectral  density  given  by  (2.2).  this  becomes 


(2.9) 


(2.10) 


The  Allan  Variance.  The  Allan  variance  o *(t)  is  an 
expression  used  by  the  frequency  and  time  cos^unity  to  co.p:re  clocRs  and 
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oaclUators.  Since  Estabrook  and  othera  have  uaed  thia  expreaalon  to 
eatlmate  the  nolae  that  competea  with  a gravitational  burst  signal,  I am 
compelled  to  dlscuaa  it.  I shall  show  below  that  this  expression  over- 
estimates  the  amplitude  of  the  noise  for  this  measurement  by  a factor 
between  4 and  8.  The  exact  factor  depends  on  the  source  of  the  noise. 

The  Allan  variance  Is  the  variance  of  a set  of  successive  fractional 
frequency  differences  spaced  In  time  by  the  Interval  t made  on  an  oscillator 
o frequency  v.  It  can  be  shown  that  In  terms  of  S^(f)  this  measurement  Is 


(2ifV^T) 


where 


00 

«/«%«)[< 


sin^(nfT)  - liP  (ZitfT] 


Usi'vg  (2.2)  one  obtains  for  8 > 1 


4ir^  a g. 


(2.11) 


(2.12) 


(2.13) 


V 2,3-3 
o 


(2.14) 


The  constant  g^  Is  tabulated  In  Table  1 for  integer  values  of  g. 


Table  1,  g^  as  a function  of  8. 


3[2  + £n(2irfuT)]  - £n2 


•*  2 ln2 

^ (4x2)/6 

Values  of  g^  for  noalnteger  f,  can  be  Interpolated  from  the  table. 
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Nolae  Due  to  Solar  Wind 

Pluctu»l:lon«  1„  the  eoler  wl„d  produce  fluctuetiona  in  the  phase 
. eleetronaRnetlc  alRnala  which  propagate  through  it.  Woo  at  al  (19761 
a.e  reported  aaaaurenenta  o(  the  riuctuatlon  apectru.  at  S-band  ‘ 

1«"  d “ *“  “ •'>“«»'«•  H.«e  ..aeurenenta 

were  made  «t  a lansc  nf  i a ah  u l “rtsraencs 

the  line  of  i h * **  t e cloaest  approach  dlatance  R of 

tne  llne-of>8lght  to  the  Sun  was  43  r f.n  ah\  ^ ® 

angle  o fthe  Sun  «O<-0-23  AU)  and  the  solar  elongation 

•the  Sun-Earth-apacocraft  angle)  waa  about  12-.  The,  found 


% " 


sw 

2.6 


(2.15) 


where 


1.0  X 10 


t-3 


L«L?!fT  mt:  TdT^  “ 
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noises  are  easily  worked  out  for  this  case:  ‘ ^ 
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It  should  be  noted  that  the  Allan  variance  phase  noise  (2.20)  Is  a factor 

of  7.5  larger  than  that  for  the  bursts  (2.18).  This  result  is  independent 

of  a ... 
sw 

It  should  be  noted  that  this  is  the  noise  for  a one-way  Doppler 
ranging  system.  Vessot  has  reported  at  this  Workshop  and  elsewhere  on 
a scheme  Involving  a clock  on  a spacecraft  with  two-way  Doppler  ranging 
and  with  multiple  frequency  capability.  He  makes  the  case  that  with  this 
scheme  much  of  the  phase  noise  due  to  the  solar  wind  can  be  removed. 

Phase  Noise  Due  to  Fluctuations  in  the  Troposphere 

Phase  fluctuations  in  the  troposphere  have  been  observed  by 
Thompson  et  al.  (1975)  and  others.  They  report  measurements  at  9.5  x 10^  Hz 
and  22.2  X 10  Hz  and  show  that  the  spectrum  is  the  same  at  both  frequencies. 
Averaging  over  the  nine  samples  in  their  Table  IV,  I find 


tr 


a^.^  » 3.4  X 10 


j2.6 

(2.21) 

(2.22) 

These  measurements  were  made  ever  a distance  of  65  km,  so  I used  a scaling 
factor  to  estimate  the  coefficient  for  a different  path  length  to.  The 
first  point  to  note  is  that  the  exponent  of  f is  the  same  as  for  the  solar 
wind.  This  is  probably  no  accident  since  in  both  cases  the  fluctuations 
are  caused  by  turbulence  in  a fluid  medium.  (Kolmogorov  theory  predicts 
an  exponent  of  8/3.)  The  second  point  is  that  the  relations  for  the 
phace  noise  in  Section  C above  can  be  used  for  this  case  simply  by  substi- 
tuting the  value  of  a for  the  troposphere. 

The  observed  phase  fluctuations  seem  to  be  correlated  with  the 
presence  of  water  vapor.  Also  the  coefficient  a was  found  to  be  highly 
variable  from  sample  to  sample.  Of  the  nine  values  reported  by  Thompson 
et  al.  the  smallest  value  of  a was  7.3.x  10“®  and  the  largest  was 

8.0  X 10  . This  suggests  that  the  receiver  should  be  placed  in  a dry 
location  and  experiments  should  be  performed  during  seasons  of  low  water 
vapor.  A most  Important  observation  by  this  group  was  that  the  fluctuation- 
spectra  at  9.5  X 10^  Hz  and  22.2  x 10^  Hz  showed  nearly  100%  coherence  up 
to  fluctuation  frequencies  of  lo"^  Hz.  Since  the  frequencies  of  Interest 


tor  the  signals  discussed  in  this  paper  are  considerably  below  this  value 
then  tropospheric  fluctuations  can  in  principle  be  measured  with  an 
auxiliary  experiment  and  subtracted  away*  One  possible  scheme  would  be 
to  measure  the  tropospheric  fluctuations  by  means  of  a signal  from  an 
overhead  satellite  with  an  antenna  located  next  to  the  Doppler  tracking 
antenna. 

E.  Phase  Noise  Due  to  the  Reference  Oscillator 

The  reference  oscillator  (local  oscillator)  will  contribute  phase 
noise  which  is  indistinguishable  from  that  from  other  sources*  so  this 
noise  must  be  considered  along  with  all  the  rest.  One  fundamental  source 
of  noise  is  the  kT  ”noise  energy”  associated  with  every  (classical) 
oscillator.  This  noise  leads  to  a spectral  density  of  phase  fluctuations 


V ^kT 
o 


where  T is  cemperature*  Q is  the  quality  factor  of  the  oscillator*  P is 
the  power  dissipated*  and  v is  the  frequency  at  which  the  oscillator  is 
used.  To  estimate  the  magnitude  of  a.  * we  assume  an  oscillator  with 

Q —12  —28  2 

T - 300K,  Q » 2 X 10  , and  P - lO”  watts;  then  a^^  - 5 x 10  . 

If  this  oscillator  is  used  at  X>band  (v^  » 9 x 10^  Hz)  (one  may  have  to 

o 

multiply  or  divide  the  basic  oscillator  frequency  to  achieve  this)*  then 
a*  ^ 4.3  x 10~®.  These  values  are  close  to  that  of  the  hydrogen  maser 
(see  Vessot*  these  proceedings).  To  Improve  the  performance  of  the 
hydrogen  maser*  one  could  cool  It.  Another  possibility  is  the  super- 
conducting cavity  stabilized  oscillator*  which  may  have  higher  Q and  P 
and  (certainly)  lower  T. 

The  various  phase  noises  defined  above  can  be  worked  out  as 
follows: 
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Allan  variance 


^ ■ y/2  ir  (a-  t)^ 

^na  ^ Zo 


(2.27) 


Note  that  the  Allan  variance  phase  noise  Is  a factor  \/2  v ("4.4)  larger 
than  that  for  the  burst  definition.  Again,  this  factor  Is  Independent  of 
the  value  of  a. 

Oscillators  can  be  no  better  In  their  noise  performance  than  that 
given  by  (2.23)  and  (2.24).  They  are  almost  always  worse  because  of 
noisy  electronics,  amplifiers,  vibration,  aging  effects,  etc.  (These 
effects  can  sometimes  be  characterized  by  power  law  spectral  densities.) 
To  knowledge,  only  Vessot  has  reached  the  thermal  limit  of  an 
oscillator  (the  hydrogen  maser)  and  In  this  case  only  over  a restricted 
range  of  frequency.  Clearly  there  are  many  practical  difficult  problems 
In  building  a stable  oscillator.  These  problems,  however,  are  not 
considered  fundamental,  so  I have  Ignored  them  In  this  paper. 


III.  Detection  of  Signals  In  the  Presence  of  Phase  Noise 

Having  estimated  the  magnitude  of  the  signals  due  to  gravitational 
radiation  and  due  to  vibrations  of  the  Sun  and  also  having  defined  the 
noise  associated  with  the  measurement  of  those  signals,  we  are  now  In  a 
position  to  comment  on  the  signal  detectability. 


A.  Burst  Signals 


The  burst  gravitational  wave  signals  of  magnitude  h^  were  related 
to  the  phase  by  Equation  (1.11).  The  condition  for  detectability  Is 
then 


•"nb 


(3.1) 


where  4 . Is  the  phase  noise  for  this  measurement.  For  the  various  sources 
nb 

enumerated  above  this  Is 


♦ib  ’ + 0.78 


(3.2) 


where  the  first  term  is  from  the  Doppler  extractor,  the  second  from  the 
reference  oscillator,  and  the  third  from  the  solar  wind  and  troposphere 
combined.  It  is  explicitly  noted  that  the  burst  definition  of  phase 
noise  has  been  used  in  the  second  and  third  terms  and  not  the  Allan 
variance.  (The  differences  are  factors  of  20  and  56,  respectively.) 
Putting  (3.2)  into  (3.1)  one  finds 
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or,  taking  each  term  separately. 


(3.4a) 

(3.4b) 

(3.4c) 


where  it  has  been  assumed  that  a Doppler  extractor  with  n 10  is 
feasible,  that  an  X-*band,  thermally-limited  oscillator  is  possible,  and 
that  the  solar  wind  and  tropospheric  constants  are  of  the  of  the  order  of 
10  or  below  (this  can  be  achieved  for  elongation  angles  of  180*  and 
under  favorable  tropospheric  conditions).  These  estimates  are  more 
optimistic  by  nearly  a factor  of  10  than  those  of  Estabrook,  primarily 
because  of  the  use  of  the  burst  definition  of  noise.  Also  it  should  be 
pointed  out  again  that  these  calculations  are  for  a single  frequency 
tracking  system.  Vessot's  scheme  with  onboard  clocks  and  multiple 
frequencies  promises  to  take  out  much  of  the  solar  wind  noise  and  I 
believe  that  the  tropospheric  noise  can  be  handled  in  a similar  way  by 
measuring  this  noise  with  an  auxiliary  experiment.  Thus  gravitational 
wave  burst  amplitudes  much  smaller  than  those  implied  by  (3.4)  may  be 
detectable. 


Another  point  I wish  to  make  is  that  it  is  incomplete  to  try  to 
specify  the  h^^  sensitivity  without  also  specifying  the  associated  T|^. 

(The  only  exception  to  this  statement  is  the  case  for  which  the  dominant 

-3 

noise  is  « f , so  that  is  independent  of  Some  sources 

appear  to  have  a portion  of  their  spectrum  described  by  such  a ifunctiou.) 

B.  Continuous  Wave  Signals 

1.  Gravitational  Waves 


The  continuous  wave  signal  h^  is  related  to  the  phase  via  Equation  (1.14). 
The  condition  for  detectability  is  that 


h 


c 


(3.5) 


where  is  the  phase  noise  associated  with  this  n»asurement.  Collection 
of  results  from  the  various  sources  enumerated  above  yields 
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where  the  factor  j in  the  Doppler  extractor  term  comes  from 

asstiming  that  the  noiif^is  spread  equally  over  the  frequency  band  from 

0 to  the  sampling  frequency  f„„„.  Here  t is  the  integration  time.  Comparing 

sam 

h to  the  phase  noise  term  by  term  we  find 
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(3.7a) 


(3.7b) 


(3.7c) 
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irtiere  an  Integration  tine  of  2 x 10^  aac  and  a gravitational  wa^  frequency 
of  10  Ha  were  uaed  as  reference  valuee.  Continuous  gravitation  radiation 
is  thus  detectable  at  the  10*^^  level  with  a single  frequency  Doppler 
tracking  systoa.  Although  this  anq>litude  is  several  orders  of  nagnitude 
larger  than  any  known  sources « one  should  look  anyway  because,  as  was 
mentioned  above,  there  are  so  many  potential  sources.  Also,  it  seems 
plausible  to  me  that  if  one  can  reduce  the  phase  noise  from  solar  wind 
and  the  troposphere  by  special  techniques  for  the  gravitational  wave  burst 
case,  then  one  should  also  be  able  to  do  it  in  this  case*  This  possibility 
should  be  studied. 

I will  finish  this  discussion  on  continuous  waves  by  recalling  a 
calculation  of  A.  J*  Anderson  (1977).  He  analysed  Doppler  residuals 
from  the  Ploneer-7  spacecraft  for  any  continuous  signals,  ^lis  was  a 

9 

single  frequency  S-band  (v  • 2.3  x 10  Hz)  tracking  system.  His  analysis 

o 

of  the  phase  noise  showed  a flat  spectrum  with  a value  S.  ^ 4.0  x 10 
2-1  * 
rad  Hz  . This  means  that  he  could  have  detected  gravitational  radiation 

of  frequency  f tdiose  amplitude  h was  (using  Equations  (1.14)  and  (2.8)) 

C C 


He  found  a signal  at  f ■ 7.75  x 10  Hz  and  he  probably  used  t ^ 2000  sec; 

c 
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h^  > 3.3  X lO”^^  (3.9) 


He  interpreted  his  signal  as  being  due  to  the  rotation  of  the  spacecraft 

with  an  amplitude  of  0.24  cm.  If  interpreted  as  a continuous  gravitational 
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wave  signal,  the  amplitude  would  be  2.5  x 10  . Looking  at  the  data,  the 

signal  appears  to  be  about  10  times  the  noise. 

2.  Oscillations  of  the  Sun 


The  amplitude  of  vibration  t2  of  a spacecraft  caused  by  quadrupole 
oscillations  of  the  Sun  was  estimated  above  for  a distance  of  4 Rq.  The 
relationship  between  r2  and  the  induced  oscillating  phase  signal  is  given 
by  (1.20).  The  detectability  condition  is 
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♦nc  nwrow-band  phase  noise  from  the  various  sources  which  have 

already  been  collected  In  (3.6)  above.  However,  close  to  the  Sun  the 
solar  wind  dominates  so  we  have 


(3.11) 


At  the  distance  of  4 R^.  Is  estlmeted  from  (2.16)  to  be  -v0.09.  Thus 
(3.11)  becomes 
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where  T2  2 hrs  has  been  assumed  for  the  oscillation  period  of  the  Sun. 
Hill  and  Candell  (1978)  have  suggested  that  the  Sun’s  oscillations  are 
coherent  for  several  days,  so  I have  chosen  an  integration  time  of 
2 X 10  sec  («v2  days),  which  is  the  maximum  time  that  the  spacecraft 
would  be  expected  to  be  in  the  vicinity  of  4 R^.  The  signal  predicted 
by  (1.19),  assuming  J^’  lO"  , la  seen  to  be  comparable  to  noise  estimated 
by  (3.9).  Clearly  it  is  an  exciting  prospect  to  contemplate  measuring 
J2'  directly  with  a spacecraft.  The  closeness  of  the  estimated  signal  to 
the  estimated  noise  means  that  more  accurate  estimates  of  both  are  needed. 
We  are  working  on  this. 

I wish  to  acknowledge  helpful  discussions  with  Warren  Johnson. 
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SECTION  IX 


SPACECKAFT  AND  TRAJECTORIES 


SOLAR  PROBE  STUDY 


N78-33004 


James  E.  Randolph 

Jet  Propulsion  Laboratory  ^ 

fAGE  BLANK  NOfT  FW® 

Introduction  and  Background 

Past  studies  of  the  Solar  Probe  Identified  both  lov'thrust  (Ref.  1) 
and  ballistic  (Refs.  2 and  3)  modes  of  delivery  of  a spacecraft  to  the  Sun. 
The  concept  discussed  here  vas  first  suggested  by  Colombo  et  al.  (Ref.  2) 

In  early  1976.  This  was  followed  by  a feasibility  study  at  JPL  (see 
Anderson  et  al..  Ref.  3)  which  was  focussed  on  a apln^stablllsad  apacecraft 
on  a rectilinear  trajectory  as  a minimum,  first  mission.  As  the  Solar 
Probe  technology  has  evolved,  new  mission  modes  have  been  Introduced.  New 
trajectory  options  are  unuar  consideration  (see  Bender,  Yen,  this  volume) 
and  new  spacecraft  designs  have  been  developed  (see  Bender  et  al..  Ref.  4). 

The  major  objective  of  t.  . present  study  at  JPL  Is  to  Identify  realis- 
tic options  for  a Solar  Probe  Mission  consistent  with  known  technical, 
fiscal,  and  programmatic  constraints.  A second  objective  is  to  develop  a 
program  plan  for  NASA  which  includes  identification  of  necessary  research 
and  development  activities.  A baseline  mission  and  a ”strawman”  space- 
craft design  have  been  selected  and  used  to  determine  the  feasibility  of 
meeting  the  mission  requirements  and  the  sensitivity  to  variations  in  those 
requirements. 

Mission  Options 

Table  1 summarizes  some  of  the  Solar  Probe  mission  options  in  four 
major  cate^^ries:  delivery  mode,  period  of  the  final  orbit,  spacecraft 

stabilization,  and  auxilary  propulsion.  The  attributes  of  each  option  are 
qualitatively  summarized  by  three  measures  of  mission  performance:  scien- 

tific return,  cost  and  risk.  The  lowest  cost,  baseline  mission  is  a ballis- 
tic Jupiter  gravity  assist  (JGA)  which  places  a 3-axis  stabilized  spacecraft 
in  a four-year  heliocentric  orbit.  However,  the  scientific  return  la  con- 
sidered to  be  greatest  for  a spinning  probe  in  a final  orbit  with  a one  year 
period,  which  would  allow  a second  pass  close  to  the  Sun  within  the  probable 
life  of  the  spacecraft.  The  scientific  return  from  a multiple-spacecraft 
mission  would  be  very  great. 
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TABLE  1:  SOUR  PROBE  MISSION  OPTIONS 


High  High  Low  |l  Rectilinear,  1 flyby 


Delivery  Mode 

With  present  launch  vehicle  (Shuttle/IUS)  capability,  a significant 
velocity  change  (AV)  la  required  following  launch  from  Earth  to  deliver  a space- 
craft close  to  the  Sun.  A sufficiently  large  velocity  increment  can  be 
attained  using  a gravity  assist  from  Jupiter  and/or  Ion  drive  propulsion. 

Table  2 summarizes  the  delivery  modes  In  terms  of  launched  mass,  delivered 
mass,  etc.  The  AV-Earth  Gravity  Assist  (AV-EGA)  ballistic  option  (vow  2) 
can  significantly  increase  the  mass  delivered  on  a JGA  tra.^cctory.  Ion  drive 
trajectories  are  characterized  by  the  number  of  "loops"  around  the  Sun  before 
reaching  the  final  orbit.  Type  A or  single -loop  trajectories  require  a 
large  ion  propulsion  system  and  have  a low  delivered  mass,  but  a short 
flight  time.  Type  B or  dual-loop  trajectories  can  deliver  more  mass  with 
a smaller  propulsion  system,  but  at  the  cost  of  a longer  flight  time  and 
thermal  problems  during  the  perihelion  pass  between  loops.  The  ballistic 
and  ion-drive  trajectories  are  discussed  in  greater  detail  in  the  papers  by 
D.  F.  Bender  and  C.  W.  Yen,  respectively. 

The  footnote  in  Table  2 refers  to  a drag  chute  (a  concept  due  to  G. 

Colombo)  which,  if  deployed  after  the  Jupiter  swingby,  could  use  solar 
radiation  pressure  over  a long  period  of  time  to  reduce  the  spacecraft  vel- 
ocity and  aphelion  distance.  The  estimated  mass  of  such  a parachute  is 
200  kg. 

In  addition  to  the  orbital  period,  other  "open"  parameters  at  this 
time  are  the  perihelion  distance,  the  Inclination,  and  the  nodal  angle  between 
the  line  of  apsides  and  the  Sun-Earth  line.  These  parameters  can  be  chosen 
to  optimize  the  scientific  return  from  the  mission.  As  part  of  the 
"strawman"  design,  we  have  assumed  perlheliC'n  at  4 R^,  an  Inclination  of 
90°,  and  a nodal  angle  of  45°. 

Spacecraft  Design  and  Thermal  Control 

Early  In  the  study.  It  was  recognizeu  that  the  method  of  stabilizing 
the  attitude  of  the  spacecraft  has  a major  impact  on  the  configuration  and 
mass  of  the  spacecraft.  It  is  estimated  that  a spin-stabilized  spacecraft 
would  be  about  200  kg  heavier  chan  a 3-axis  stabilized  spacecraft.  The  current 
estimate  of  the  Shuttle/lUS  performance  precludes  the  use  of  a spin-stabilized 
or  dual— spin  spacecraft  on  a simple  JGA  trajectory.  Thus,  our  strawman 
spacecraft  Is  3-axls  stabilized.  Since  other  delivery  modes  would  allow 
this  greater  mass  and  since  the  fields  and  particles  experiments  would 


523 


TABLE  2:  SOLAR  PROBE  DELIVERY  MODE  SUMWRV 


'larger  pavloac  could  support  a "drag  chute*  to  reduce  the  final  period  to  1 YEAR 


benefit  if  the  apacecraft  were  aplnnlng»  the  deelgn  of  a dual-apln  epace> 
craft  la  alao  underway  and  will  be  completed  within  the  next  few  uontha. 

If  an  lon->drlve  option  were  aelected,  the  apacecraft  deelgn  would  have  to 
be  Integrated  with  the  Ion  propulalon  ayatem  conalating  of  thruetere,  large 
aolar  arraya,  etc. 

A apacecraft  configuration  haa  been  conceived  which  la  conelatent  with 
the  baseline  mlaalon  (i.e.»  a JGA  ballistic  trajectory  resulting  In  a 4 
perihelion  and  a 4.2>year  final  period).  Figure  1 Illustrates  some  of  the 
characteristics  of  this  design.  The  structure  is  dominated  by  the  "roof” 
thermal  shield  and  the  secondary  shields  which  cast  a shadow  over  the  rest 
of  the  spacecraft.  During  perihelion  passage,  the  spacecraft  must  rotate 
through  180°  in  about  14  hours  to  keep  the  shield  pointed  at  the  Sun. 
Estimates  of  the  temperature  profile  expected  In  the  main  part  of  the  space- 
craft behind  the  thermal  shield  are  given  In  Figure  2.  The  baseline  perihel- 
ion distance  of  4 solar  radii  was  chosen  on  the  basis  pf  this  figure.  Just 
below  the  heat  shields  are  two  large  radiators  for  the  Selenide  Isotope  Gen- 
erators (SIG's)  which  supply  power  (450  w)  to  the  spacecraft. 

Some  of  the  scientific  objectives  of  the  Solar  Probe  Mission  can  best 
be  met  if  the  spacecraft  follows  a purely  ballistic  or  drag-free  trajectory. 
In  the  stravnnan  payload,  the  drag-compensation  sensor  is  sandwiched  between 
the  SIG  radiators.  This  sensor  must  be  Isolated  from  the  remainder  of  the 
spacecraft  to  minimize  biases  from  asymmetries  and  changes  in  the  self- 
gravity of  the  configuration. 

A large-diameter,  high-gain  antenna  is  suspended  from  the  rear  of  the 
spacecraft  by  multi-degree-of-freedom  linkage  which  allows  the  complex 
deployment  and  articulation  needed  to  point  at  the  Earth  through  the  peri- 
helion passage. 

Figure  3 is  a schematic  drawing  of  a possible  set  of  scientific  instru- 
ments mounted  on  the  electronics  compartment. 

Telecommunication  and  Data  Handling 

The  strawman  telecommunication  system  consists  of  two  20  watt  trans- 
ponders which  allow  two-way  coherent  S-  and  X-band  data.  The  S-band  link 
is  for  carrier  (Doppler)  tracking  and  ranging  only.  The  X-band  link  also 
carries  about  1000  bits  per  second  of  telemetry  '• ta  at  perihelion.  About 
10  bits  of  data  cai.  be  stored  to  buffer  high-r**te  data  or  to  provide  some 
backup  in  case  of  loss  of  real-time  data.  With  this  dual-frequency  system. 
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FIGURE  2:  SOLAR  PROBE  INTERNAL  BUS  TEMPERATURE  ESTIMATE 


DISTANCE  FROM  SUN*$  CENTER,  SOLAR  RADII 


the  Doppler  tracking  error  is  estimated  to  be  in  the  range  0,1  to  1,0  mm/ 
sec  near  perihelion;  see  Table  3,  The  significance  of  this  error  estimate 
is  discussed  in  later  papers. 

Attitude  Control 

The  strawman  attitude  control  system  is  consistent  with  the  require* 
ments  for  drag  compensation,  attitude  stabilization,  and  midcourse  maneuvers, 
Vfhen  the  spacecraft  is  outside  the  Earth's  orbit,  the  high-gain  antenna 
cannot  view  the  Earth  unless  the  heat  shield  Is  on  the  side  of  the  space- 
craft away  from  the  Sun,  Thus  the  spacecraft  attitude  Is  bistable,  with 
the  heat  shield  pointed  either  at  the  Sun  or  180°  away, 

A cartoon  illustrating  the  drag-compensation  system  is  shown  In  Figure 
4,  The  fundamental  concept  is  to  keep  a proof  mass  centered  in  a cavity. 

The  Isolation  of  the  sensor,  discussed  earlier,  is  expected  to  yield  drag 
compensation  to  an  accuracy  of  10  g;  the  significance  of  this  accuracy 
is  also  discussed  in  later  papers. 

Maas  and  Power  Summaries 

TablesA  and  5 list  the  mass  and  power  by  subsystem  for  the  strawman 
design.  From  Table  4,  it  is  apparent  that  the  thermal  control  system  accounts 
for  about  one  quarter  of  the  entire  spacecraft  mass.  The  dominant  power 
consumer  is  the  telecommunications  subsystem;  Table  5 shows  that  nearly  one 
third  of  the  total  poyer  is  needed  for  the  high-power,  dual  frequency  commu- 
nications at  perihelion. 

Research  Required 

The  thermalL  shield  design  is  only  in  the  conceptual  stage  at  this  time. 

A significant  amount  of  research  in  materials  and  manufacturing  processes 
is  needed  before  a final  design  is  possible.  An  understanding  of  the  extent 
of  "thermal"  radiation  beyond  the  visible  solar  disk  is  also  crucial  to  the 
final  design  of  the  heat  shield. 

If  the  required  tracking  accuracy  is  about  0,1  mm/sec,  development  of 
a dual-frequency,  two-way  telecommunication  system  is  clearly  essential. 

The  effect  of  the  solar  corona  on  the  telecommunications  link  must  be  modeled 
to  provide  confidence  in  the  design. 

Support  has  also  been  requested  for  research  into  the  theory  and  design 
of  a drag-compensation  system  for  a complex  spacecraft  with  articulating 
parts.  The  dynamic  range  of  the  drag-compensation  system  can  be  reduced  if 
a reasonably  accurate  model  of  the  expected  drag  can  be  developed. 


Table  3.  SOLAR  PROBE  DOPPLER  TRACKING  ACCURACY 


FIGURE  4:  THE  DRAG  COMPENSATION  CONCEPT 


O 


Y 

S' 


1 

r 

I 


I 

' i 

o”‘  It 

)' 


•5T 

■ i 


:i 


?[ 

" i 

.1 

o..  (. 


i t 

-I 


2 

UJ 


% 


§ 


532 


...V’- 


* SPH  » Solar  Polar  Mission 
**  CIO  • Coaet  Ion  Orl;re 


The  question  has  alao  arisen  whether  or  not  the  perihelion  distance 
might  be  limited  by  radiation  damage  by  energetic  particles.  This  question 
was  addressed  by  a Solar  Probe  Environmental  Workshop  held  at  JPL  on ‘January 
19  and  20,  1978,  The  concensus  was  that,  for  perihelion  at  4 R^,  the  flux 
and  fluence  of  energetic  particles  would  probably  be  less  than  that  encoun- 
tered during  the  Jupiter  flyby.  However,  the  Report  of  the  Environmental 
Workshop  (available  from  JPL)  Indicates  that  there  are  many  unknown  factors 
which  remain  to  be  determined. 
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The  only  ballistic  trajectory  taode  feasible  for  a close  solar  probe 
or  for  an  orbit  inclined  approximately  90*  to  the  ecliptic  is  the 
Jupiter  gravity  assist  mode.  Figure  1 shows  a comparison  of  the  trajec> 
tories  of  the  Solar  Polar  and  the  Solar  Probe  Missions  for  1983  launches. 
For  any  other  launch  year,  the  figure  would  be  almost  identical  If  the 
Jupiter  encounter  Is  placed  at  the  edge  of  the  figure  as  shown.  The 
ticks  are  at  100  day  Intervals. 


The  Inner  part  of  the  Solar  Probe  trajectory  is  plotted  in  Figure  2. 
To  the  accuracy  required  for  preliminary  aiscusslons,  the  geometry  of  the 
solar  encounter  phase  is  practically  the  same  for  the  4.3  year  orbit 
achieved  by  a Jupiter  gravity  assist  and  for  a one  year  orbit  (which  might 
be  attained  with  either  a drag  chute  or  a retro-rocket  maneuver  following 
a Jupiter  gravity  assist). 

Tables  1 and  2 list  data  describing  the  geometry  of  an  orbit  with 
perihelion  at  4 solar  radii  and  aphelion  at  Jupiter. 

Figure  3 shows  the  range  of  apparent  directions  of  the  solar  wind 
if  it  Is  flowing  radially  outward  from  the  S*^n  with  a speed  of  either 
ISO  or  300  km/sec. 

The  earth-node  angle  r\  is  defined  as  the  solar  longitude  of  the 
Earth  at  the  time  of  the  solar  encounter  minus  the  longitude  of  the  node 
of  the  trajectory  (assumed  to  be  In  the  ecliptic).  Figure  4 shows  the 
minimum  Sun-Barth-probe  angle  during  the  solar  encounter  as  a function  of 
the  Earth-node  angle  and  the  orbital  Inclination.  If  the  Inclination  Is 
60*  or  more,  the  minimum  SEP  angle  Is  not  greatly  different  from  the  90* 
value. 

535 


Figure  1 


Comparison  of  Solar  Probe  and  Solar  Polar  Mission  trajectories 


Figure  2.  Comparison  of  trajectories  frr  l-year  and  4.2*year  orbits 
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Tabit  2.  Nominal  Solar  Probt  Trajectory  Orbital  Elements 


Earth  to  Jupiter 

Launch:  April  15,  1985,  Cj  - 115.7  km^/$^,  OLA  ■ -27.1* 
Time  of  Flight:  462  days  to  July  21,  1986 
Elements:*  a • 6.4323  AU  • 962.2645  Gm 

e » .844024  - 179.8126 

1 - 1.7328*  H * -0023*  (at  launch) 

0 • 24.5646*  V|,p  • 13.8  km/s 

Jupiter  Centered  Elements*  July  21,  1986 


North  Going 

South  Going 

B-T  - -875600  km 

B-T  - -868700  km 

B.n  • 87000  km 

B*R  - -64580  km 

a • -662098  km 

a • -662098  km 

e « 1.66342 

e • 1.65246 

1 • 174.3198 

1 « 175.7388 

0 • -37.8486 

fl  • 135.4436 

- -50.1548 

« « 123.3914 

q * 6.15  Rj 

q • 6.05  Rj 

Jupiter  to  Sun  Elements*  July  21, 

1986  to  April  1988 

North  (Des  Node  at  Sun) 

South  (Asc  Node  at  Sun) 

a - 2.52729  AU 

a 2.52927  AU 

- 378.0772  Gm 

- 378.3734  &n 

e - .99261 

e « .99263 

1 - 89.661 

1 • 90.282 

a • -17.389 

« « 162.610 

M • 178.117 

w • .414 

H • -156.735  (at  Jupiter) 

M • -158.7838 

n : 46 

n - 43 

TF  • 638.6  days 

TF  • 635.8  days 

All  angles  In  degrees,  reference  system  Earth  Ecliptic  (1950) 

Figure  3.  Apparent  direction  of  the  solar  wind  if  the  velocity  is  150  or  300  km/sec. 
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Minimum  Sun-Earth «-probe  angle 
angle  and  Inclination# 


aa  a function  of  Earth-node 
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The  tect  that  any  value  ot  Earth-no4e  angle  and  any  inclination  can 
be  attained  by  neana  ot  a Jupiter  gravity  aaalat  la  llluattated  In 
yigure  5.  ublcb  1.  a plot  of  launch  Cj  ver.ua  arrival  tUe  (or  a launch 
on  April  15,  1985.  Tlie  preaent  eatlBate  la  that  830  kg  can  bo  li  ached 
on  thla  tralectory  (or  Cj  - 115  kn^/a^  Onlortunately.  the  Cj  r«.ulre- 
mere...  (or  aeveral  year.  a(ter  1985  and  will  not  be  louer  ageln 

until  1992  for  these  trajectories. 

More  ....  c«.  be  delivered  balliatlcally  1(  the  direct  launch  (ro. 

Earth  la  replaced  by  a av-EOA  trajectory.  Such  a trajectory  la  ahovn 
in  Figure  6.  The  apacecrad  la  launched  Into  a loop  to  about  2.5  AO. 
.here  a propulalon  maneuver  give,  a large  velocity  change.  AV.  The 
apacecraft  then  perform,  an  Earth  gravity  aaelat  and  (lie.  on  to  Jupiter. 
The  Earth  flyby  could  be  performed  either  a f«.  month,  before  or  a f~ 
month,  after  tuo  or  three  year,  after  launch  (the.,  are  called  2'.  2 . 

3*.  and  3^  trajectorie.) . For  the  2-^  trajectory,  .hovn  In  Figure  6.  the 
C 1.  32  km^/.^  and  the  velocity  Increment  required  Is  2.62  km/s:  with 
a!ch  a trajectory,  the  final  spacecraft  mas.  would  be  about  1500  kg  and 
«,lar  encounter  would  occur  about  5 year,  after  launch.  A .till  greater 
payload  1.  possible  using  a trajectory  w..lch  has  a launch  Cj  of 
52  k»'/s'  and  a AV  of  0.68  km/s;  this  system  could  deliver  over  1900  kg- 

Kb  4 solar  radii  seven  years  after  launch. 


5hl 


Figure  5.  Launch  versus  arrival  date  for  1985  ballistic  solar  probe  opportunity 


Figure  6*  A 2 LV^ZGA  solar  probe  trajectory. 
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ION  DRIVE  PERFORMANCE  AND  TRAJECTORIES 
C.  Lt  Yen 

Jet  Propulsion  Laboratory 


This  paper  is  concerned  with  the  use  of  Solar  Electric  Propulsion 
(SEP)  for  the  Solar  Probe  Mission.  The  dependence  of  the  payload  mass 
on  the  size  of  the  SEP  and  the  flight  time  is  described  on  the  basis 
of  preliminary  data. 


First,  for  those  with  little  familiarity  with  SEP,  we  summarize 

the  range  of  hardware  performance  expected  to  be  available  in  the  1980's. 

The  power  source  is  a solar  array  with  concentrators  for  extra  sunlight 

collection.  The  concentration  factor  is  expected  to  be  in  the  range  of 

2 to  4 and  the  total  power  between  20  and  60  kw.  This  power  is  used  to 

accelerate  mercury  ions  to  30-45  km/sec,  which  corresponds  to  a specific 

impulse  I « 3000  - 4500  sec,  or  perhaps  even  higher, 
sp 

The  final  orbit  is  assumed  to  be  in  the  ecliptic  with  a perihelion 

distance  of  0.02  AU  and  a period  of  1 year.  Less  ambitious,  longer 

period  orbits  were  not  considered  to  be  worth  the  advanced  ^daturje  and 
greater  cost  of  SEP  compared  to  conventional  chemical  profusion 'systems. 
High  inclination  orbits  are  also  feasible,  but  have  not ‘been^^tudled  yet. 
The  velocity  increment,  AV,  needed  to  achieve  the  assumed'  final  orbit  is 
20-25  km/sec.  If  the  shuttle  is  used  to  escape  from  the  Earth  with 
Cj  « 0 and  SEP  is  used  to  supply  all  the  required  AV,  then  a crude  upper 
limit  to  the  SEP  performance  can  be  obtained  from  the  simple  rocket 
equation 


“n 


-Me  P -M. 

o ipm 


where  M^  is  the  payload  mass,  is  the  mass  delivered  to  Earth  escape 
by  the  shuttle,  and  is  the  dry  mass  of  the  ion  propulsion  module. 

For  M^  = 6200  kg,  and  I^p  » 4300  sec,  M^^  - (3400-3800)  kg  - M^^^.  The 
magnitude  of  depends  on  the  SEP  size  which,  in  turn,  depends  on  the 

flight  time  of  the  mission. 


There  are  several  classes  of  optimal  low-thrust  trajectories  for 
the  Solar  Probe  Mission.  This  classification  is  based  on  the  number  of 
orbital  revolutions  (NRCV)  the  SEP  spacecraft  makes  before  it  completes 
the  transfer  to  the  final  orbit.  Trajectory  types  A,  B,  C correspond 
to  one,  two,  and  three  orbital  revolutions,  respectively. 

The  typical  flight  time,  SEP  size,  and  other  performance  factors 
associated  with  each  trajectory  type  are  summarized  in  Table  1.  Perfor- 
mance Is  expected  to  Improve  as  NREV  is  increased.  Nonetheless,  the 
duration  of  the  mission  and  the  anticipated  thermal  problems  make  It 
Impractical  to  consider  trajectory  types  with  NREV  greater  than  2.  A 
type  C trajectory  (NREV  » 3)  is  feasible  only  if  the  thermal  problems 
can  be  alleviated.  One  possibility  is  to  use  the  asteroid  Icarus  as  a heat 
shield.  With  a period  of  about  1 year  and  a perihelion  distance  of 
0.18  AU,  Icarus  appears  to  be  a suitable  object  for  this  purpose. 

Another  method  of  enhancing  performance  is  to  incorporate  a Venus 
swiiigby  In  the  SEP  flight.  Since  the  analysis  for  this  hybrid  mission 
mode  Is  more  difficult,  little  data  have  been  generated,  but  the  trend 
•hi  improved  performance  can  be  clearly  shown. 

Figures  1 through  4 show  plots  of  transfer  trajectories  corresponding 
to  type-A,  type-A  with  a Venus  Swingby,  type  B,  and  type-C  with  an 
Icarus  Rendezvous.  In  each  of  these  examples,  the  flight  time  and  the 
SEP  size  were  selected  to  give  a delivered  mass  ranging  fr  x 700  to 
1000  kg,  the  range  of  payload  deemed  reasonable  by  the  study  team.  These 
examples  do  not  represent  upper  limits  of  SEP  performance  nor  the  only 
available  geometry  and  one  should  not  infer  the  SEP  capability  from  these 
few  data  points.  The  results  of  a preliminary  parametric  investigation 
of  the  performance  as  a function  of  SEP  size  and  flight  time  are  shown 
in  Figures  5 through  7.  These  data  arc  too  crude  to  form  the  basis  for 
drawing  final  conclusions,  but  a clear  indication  of  the  SEP  performance 
trend  has  emerged. 

A summary  of  the  SEP  performance  is  given  in  Table  2.  The  following 
concluding  remarks  can  be  made: 

(1)  To  do  the  mission  in  a two  year  flight  time,  one  must  fly  a 
type-A  trajectory.  The  required  SEP  size  is  very  large;  a 
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Figure  2.  Ion  drive  Solar  Probe  Type-A  trajectory  vith  Venus  swingby. 
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Figure  3.  Ion  drive  Solar  Probe  Type-B  trajectory. 
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Figure  4.  Ion  drive  Solar  Probe  Type-C  trajectory  vith  an  Icarus  rendeavous. 
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Figure  7.  Performance  eummary  of  an  ion  drive  Solar  Probe  Typ«  g 
trajectory. 
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50  to  60  kw,  4-fold  concentrator  array  and  10  to  12  thrusters 
roust  be  used.  The  extrapolated  maximum  payload  Is  about 
700  kg,  but  an  improvement  can  be  made  with  a Venus  svingby. 
Even  then,  a payload  of  not  more  than  1000  kg  is  predicted. 

The  type-A  option  appears  unattractive  in  view  of  the  expensive 
propulsion  system  associated  with  It. 

(2)  For  a 3.5  to  4 year  mission,  the  type-B  trajectory  Is  the  mode 
to  fly.  The  required  SEP  Is  moderate  In  size;  a 30  to  50  kw, 
2-fold  concentrator  urray  and  an  8-thruster  system  Is  adequate. 
(A  2-fold  concentrator  array  Is  a much  more  state-of-art  array 
than  a 4-fold  concentrator  array.)  A payload  delivery  of  up 

to  1200  kg  Is  feasible  and  as  much  as  1400  kg  may  be  possible. 
The  thermal  protection  of  the  SEP  Is  a requirement  Inherent  In 
this  type  of  trajectory  and  awaits  solution. 

(3)  If  one  were  willing  to  add  an  additional  year  and  consider  a 
4.5  to  5 year  mission,  a type-C  trajectory  with  an  Icarus 
rendezvous  Is  an  attractive  option.  It  requires  a moderate 
sized  SEP,  presents  little  SEP  thermal-protection  problem, 

and  offers  an  opportunity  to  have  a rendezvous  with  an  Apollo 
asteroid. 
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The  feasibility  and  scientific  objectives  of  a solar 
probe  were  studied  by  a ^^ssion  Definition  Group  in  197^  end 
1976.  The  group  consisted  of A*Balogh>  B.  Bertotti,  Q*  Colunbo, 
G.  Duchossois,  G.  Haskell^  Rosenbauer,  E.  Roth,  I.  Roxburgh, 
T.  Sanderson  and  D,  Young,  "nie  orbit  analysis  programme  was 
developed  by  M.  Hechler  and  an  extended  study  of  the  orbit 
analysis  was  done  in  1977  by  Bertotti,  Hechler  and  Roxburj^i. 

The  results  of  these  studies  are  in  the  Report  of  the  Mission 
Definition  Study  (I976)  and  an  E.a.O.C.  report  (1978),  and  the 
reader  is  referred  to  these  sources  for  greater  details. 

Mission  Concent  and  Objectives  The  Solar  Probe  Mission  would 
send  a satellite  close  to  the  Sun  to  make  in  situ  measurements 
of  the  solar  wind  plasma,  to  look  at  the  Sun,  to  determine  the 
solar  quadropole  and  to  test  theories  of  gravity.  In  the 
E.S.A.  study,  no  solar  surface  experiments  were  considered. 

Satellite  Design  Figure  1 gives  a sketch  of  the  E.S.A.  con- 
figuration. It  has  two  heat  shields,  the  front  one  of 
diameter  3 m,  the  secondary  of  diameter  2.5  n,  located  0.5  m 
behind  the  first.  Ilie  probe  and  external  equipment  lies  in 
the  shadow  cone  of  the  shield.  The  front  shield  gets  very  hot 
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i^QOO  K)  and  pyrolltlc  graphite  was  considered  a suitable 
material  for  the  shield.  Figure  2 gives  the  steady ‘State 
temperature  of  different  parts  of  the  sateUite  as  a function 
of  heliocentric  distance. 

Both  spin  stabilised  and  3 axis  stabilised  space* 
craft  were  considered  and  no  preference  emerged  from  the 
technical  viewpoint.  However,  the  in  situ  experiments 
preferred  spin* stabilised  and  the  orbit  experiments  preferred 
3*axis  stabilised  for  the  inclusion  of  a drag  free  system, 
although  the  possibility  of  using  a CACTUS  type  microacceler* 
ometer  on  a slowly  spinning  craft  was  considered  viable. 

Orbit 

A variety  of  possible  orbits  were  considered  with 
C3  eneror  parameters  ranging  from  98  ka^/scc^  for  in  ecliptic 
oribit.s  to  125  km^/sec^  for  90°  out  of  ecliptic  orbits.  For 
the  purposes  of  the  ESA  study,  a launch  date  of  1st  January 
1982  was  used.  In  the  orbit  analysis,  a wide  variery  of  orbits 
was  studied  with  perihelion  distances  of  0,  U,  and  10  solar 
radii  and  inclinations  of  0,  U5®  and  A typical  orbit  is 

given  in  Figure  3. 
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Figure  2.  Variation  of  temperature  vlth  heliocentric  distance. 
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A TRAJECTORY  FOR  SOLAR  PROBE  ' 
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Figure  3.  A trajectory  for  the  solar  probe. 
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The  following  exper linen ta  wore 


payload 

Proton  and  electron  velocity  distributions 

Protons:  20  eV  to  20  keV 

Electrons:  1 ev  to  2 keV 

Electrostatic  analysers  with  open  secondary 

electron  multipliers  or  electrometers.  j 

\ 

Magnetic  fields  10*^  to  1 Qauss 
2 Instruments  10"^  to  lO"^,  10*2  to  1 Gauss 
Trlaxlal  flux  gate  magnetometers. 

Frequency  range  10  to  10*^  Hz 
Electric  2 axis  dipole 

Magnetic  3 search  coll. 

Mass  Spectrometers 

Mass  per  charge  range  1.3  to  b A^^ 

Mass  per  charge  resolution  13  \ 

Energy  per  charge  range  0.3  to  10  keV  | 

Energy  per  charge  resolution  0.1 

i 

I 

Proton  range  3 MeV  to  30  MeV  i 

Electron  range  30  keV  to  3 MeV  j 

Nucleon  range  300  keV/N  to  30  MeV/N  I 

Geiger  Muller  Tubes  i 

Solid  state  detectors  or  photo-multlpller  tubes 

tor:  Riotomultlpllex , channel  multiplier  or  silicon 
photo  diode 
Visible  light 
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Oi-blt  analysis  The  aim  of  the  orbit  analysis  experiments  is  to  determine 
the  solar  quadropole  moment  Jjj,  and  the  post-Newtonian  relativistic 
parameters  g and  y » and  higher  order  if  the  accuracy  con  bo  obtainoi. 

For  these  experiments  it  was  assumod  that  the  probe  will  contain  olthor 
a drag  free  device  to  coropeneate  for  nongrovitational  forces,  or  an  on- 
board accolerometer  to  measure  them.  For  an  orbit  going  down  to  a 
few  solar  radii  perihelion,  it  was  found  necessary  to  develop  a third 
order  (v/c)^  error  analysis  code  and  tliis  was  done  by  M.  Hechler  at 
E.S.O.C,  A large  number  of  runs  have  been  performed  for  several  orbits, 
measurement  parameters  and  system  noise.  A determination  of  range  and 
range  rate  proportional  to  r"^  (to  take  account  of  coronal  effects)  was 
Included  and  the  system  noise  was  taken  to  be  isotropic  and  equal  to 


< ( 6 o)^>  « 


2 -2 
cm  sec  . 


Range  and  range  rate  errors  were  assessed  for  a system  using  an  S band 
uplink  and  an  S and  X band  downlink  giving  accuracies  of  21  ~ and 
3 cm/sec  for  a distance  to  the  Sun  of  4 solar  radii.  Some  results  of 
the  orbit  analysis  are  given  in  Table  1. 

Mass  and  Power  A preliminary  mass  budget  gave  a total  mass  of  U2t»  leg 
and  a power  requirement  for  the  experiments  of  40  to  50  w. 


The  E.S.A.  study  showed  that  the  solar  probe  is  an  exciting  mission  which 
would  make  a significant  contribution  to  several  branches  of  science. 
Further  studies  are  needed  on  thermal  control,  drag  free /accelerometers, 
and  telecommunications,  but  this  should  be  one  of  the  most  exciting 
missions  to  be  flown. 
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